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Abstract 
 
In this thesis, measurements of electron-vibration-vibration two dimensional infrared 
(EVV 2DIR) spectra are demonstrated for the first time from aliphatic, aromatic and 
amide containing compounds. Bioanalytical applications of EVV 2DIR spectroscopy 
are explored and the first EVV 2DIR measurements on proteins reported. Operational 
protocols for collecting EVV 2DIR spectra are described and it is shown for the case of 
benzene Fermi resonances how excitation pulse ordering can be used to isolate different 
EVV coherence pathways, giving signals that report on several aspects of a molecule’s 
electrical and mechanical anharmonicity. Experimental spectra are compared with first 
principles simulations and in general found to be in good agreement with one another. 
It is shown that inter-pulse delays can substantially clean up frequency domain spectra 
and for the range of compounds studied, the 2DIR spectra are significantly decongested 
compared with their 1D infrared and Raman counterparts. EVV 2DIR coherence 
lifetime measurements are reported and applied to a range of simple organic 
compounds. Measurements of exponential dephasing, nonexponential dephasing and 
quantum beating are demonstrated, with the exponential decays used to accurately 
measure vibrational linewidths and the quantum beats to measure line splittings.  
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Chapter 1. Introduction 
This thesis is an investigation into some interesting new ways of performing vibrational 
spectroscopy with short pulse infrared lasers. The investigation seeks to address two 
problems commonly encountered in vibrational spectroscopy. The first is that for 
complex samples comprising large analyte molecules or mixtures of different analytes, 
the many vibrational bands of the sample overlap and obscure one another in a 
vibrational spectrum. The second problem is that for many standard techniques of 
vibrational spectroscopy, sensitivity is poor, so large amounts of analyte are required. 
 
The problem of spectral congestion in complex analytes can be addressed using a new 
family of vibrational spectroscopic methods that probe the coupling between different 
vibrational states. For the research of this thesis, two different vibrational states are 
probed with two infrared laser pulses. The measurement reports on whether or not these 
states related through vibrational coupling effects. Typically, a two dimensional 
infrared (2DIR) spectrum is plotted to show these relations. This method greatly 
simplifies a vibrational spectrum and is analogous to the highly successful and well 
developed methods of multidimensional nuclear magnetic resonance. The issues of the 
sensitivity and detection limits of 2DIR methods are addressed in this thesis (Chapter 
10) and it will be shown that future experiments will easily attain limits of detection 
much lower than infrared absorption and ordinary Raman scattering.    
 
The research of this thesis is based on a 2DIR technique developed by Wright and co-
workers known as ‘Doubly Vibrationally Enhanced Four Wave Mixing’ (DOVE-
Chapter 1. Introduction                                                                                                       
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FWM).
1-5
 Because all 2DIR techniques involve infrared double resonances, for this 
thesis DOVE-FWM will be referred to using a different name that more accurately 
distinguishes it from other 2DIR methods; Electron-Vibration-Vibration 2DIR, or EVV 
2DIR. In general, multidimensional infrared techniques such as EVV 2DIR are 
nonlinear optical processes. Chapter 2 of this thesis describes the basic physical 
principles required to understand such processes and Chapter 3 applies these principles 
to explain how EVV 2DIR and other 2DIR techniques work. The laser technology 
required to generate the short tuneable infrared pulses required for 2DIR spectroscopy 
is described in Chapter 4. 
 
Prior to the work of this thesis, EVV 2DIR spectroscopy had only been demonstrated 
by Wright and co-workers on CS2 and acetonitrile.
3-5
 The research for this PhD thesis 
began with an existing optical setup that had replicated Wright’s EVV 2DIR signals 
from CS2 and acetonitrile.
6
 When applied to more complicated systems such as 
solutions of amino acids, peptides and proteins dissolved in D2O,
6,7
 the setup generated 
curious signals that changed only very weakly with infrared excitation frequency, were 
ambiguous in possible spectral assignment and irreproducible from day to day. 
Moreover, data acquisition was a truly laborious process, requiring the user to manually 
scan the infrared frequencies and manually record the EVV 2DIR signal levels. The 
original detection system introduced significant amounts of noise to the signal and 
collecting a single narrow range 2DIR spectrum could take as long as 16 hours.
7
 Much 
of the work towards this thesis constituted automating and adapting this original 
experiment to allow data to be rapidly and reliably generated. 
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To increase the signal to noise and reliability, extensive changes were made to the 
detection system, optical delivery lines and sample handling methods. The result of this 
was that more time could then be spent studying EVV 2DIR signals and less time spent 
signal averaging, troubleshooting lasers and realigning optics. These improvements are 
described in Chapter 5 and allowed the identification and elimination of several 
artefacts that were obscuring 2DIR spectra. As described in Chapter 5, it was found that 
the infrared pulses were being distorted by water absorption and that this effect was 
creating false cross peaks in the 2DIR spectrum. Solving this problem for a 
polyethylene sample led to the first clear and assignable measurement of a set of EVV 
2DIR cross peaks beyond those reported by Wright and co-workers. Chapter 5 also 
discusses other effects related to beam pointing changes and phase matching errors that 
were found to alter EVV 2DIR spectra. 
 
Using the new experimental methodology and protocols described in Chapter 5, a 
number of basic but important questions about EVV 2DIR spectroscopy could finally 
be answered. These questions included the following: 
• Are EVV 2DIR signals of interest strong enough to be measured from different 
organic molecule functional groups?  
• What do EVV 2DIR spectra actually look like for the different functional 
groups?  
• Are the spectra simplified/decongested compared with IR or Raman 
spectroscopy?  
• What effect do the pulse delays and pulse ordering have on the 2DIR spectra? 
Wright and co-workers had explored certain aspects this issue for a single cross 
peak of CS2. The work of this thesis sought to establish the effects of using 
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pulse delays on systems exhibiting multiple cross peaks, varying dephasing 
rates, inhomogeneous broadening and structural dynamics. 
• Can EVV 2DIR spectra be understood and modelled from first principles? Cho 
and Wright previously modelled a cross peak in the EVV 2DIR spectrum of 
acetonitrile. The question was whether or not these methods could be used to 
model the more complicated molecular systems studied in this thesis. 
• What sort of applications of biological relevance might EVV 2DIR 
spectroscopy be used for? 
• Can EVV 2DIR spectroscopy be enhanced through electronic resonances or 
surface plasmon resonances? 
• Are EVV 2DIR experiments possible using femtosecond pulses? 
Answers to these questions can be found in the results chapters of this thesis (Chapters 
6-10). 
 
In Chapter 6, the first EVV 2DIR spectra of aliphatic and aromatic chemical systems 
are reported and explored. It is shown that many of the cross peaks can be assigned 
from first principles modelling and literature infrared absorption data. Significant 
decongestion in the EVV 2DIR spectra can be seen relative to the infrared absorption 
spectra, with examples given both for pure compounds and for mixtures. The first EVV 
2DIR coherence lifetime measurements are presented, showing three different types of 
behaviour, exponential dephasing, nonexponential dephasing (indicating 
inhomogeneous broadening) and quantum beating. These phenomena are common in 
time domain coherent spectroscopy, however the selectivity of EVV 2DIR makes these 
time domain measurements unique.  
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Chapter 7 presents the results of an in-depth benzene EVV 2DIR experiment versus 
theory study. Ab initio modelling by Guo
8
 successfully reproduced most of the cross 
peaks in the benzene EVV 2DIR spectrum and also treated several Fermi resonances 
with a satisfactory degree of accuracy when compared with experiment. The 
experimental benzene Fermi resonance EVV 2DIR cross peaks were found to be split 
for one of the two infrared laser pulse orderings.
8
 These experimental observations on 
the Fermi resonance peaks in benzene demonstrate a new method of identifying Fermi 
resonance peaks and also show for the first time that EVV 2DIR can be performed in a 
manner similar to 2DIR pump-probe and photon echo experiments (split peaks) or in a 
manner not possible with the those methodologies (single peaks). This is one of several 
key differences between EVV 2DIR and 2DIR pump probe/photon echo spectroscopy 
highlighted in this thesis. 
 
Through the many different EVV 2DIR measurements presented in this thesis it was 
found that EVV 2DIR often gave ‘rounded’ cross peak shapes, a feature at odds with 
the steady state predictions of ‘star-shaped’ cross peaks.
1,9
 In Chapter 7, the 
experimental benzene 2DIR features are compared with response function simulations 
of EVV 2DIR cross peaks and the influence of laser pulse width and laser pulse delay 
assessed. These investigations show that in the free decay limit, a homogeneously 
broadened resonance gives rounded cross peaks that are Gaussian in shape.  
 
Of great interest during the research towards this PhD was the possibility of using EVV 
2DIR for structural studies. EVV 2DIR measurements take place on a picosecond 
timescale and attempts were made at observing low frequency equilibrium structural 
changes of an analyte within the pulse delay times of the EVV 2DIR measurement. 
Chapter 1. Introduction                                                                                                       
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Chapter 8 discusses the influence that this would have on an EVV 2DIR spectrum and 
presents experimental data collected from the floppy molecule cyclooctane. Interesting 
behaviour was observed from cyclooctane however through an analysis of the data and 
examination of simulations by Guo it can be concluded that the experimental evidence 
collected so far is not sufficient to assign the behaviour observed in the EVV 2DIR 
experiments as due to conformational change. 
 
The fundamental motivation for the work behind this thesis was to apply the EVV 
2DIR technique to problems of biological relevance. The challenges here include 
achieving sufficiently low detection limits and sufficiently high information content to 
allow useful chemical analysis. Chapter 9 begins with a discussion of the performance 
of conventional optical spectroscopic techniques in a biological context, allowing the 
strengths, weaknesses and potential of EVV 2DIR to be accurately assessed. For the 
research towards this thesis, a scheme for analysing EVV 2DIR signals from proteins in 
the form of dried droplets on glass was devised, allowing the first EVV 2DIR spectra of 
proteins to be recorded. These results are presented in Chapter 9.  
 
A protein identification strategy based on amino acid residue quantification relative to 
total CH2/CH3 content has been proposed by Klug.
10
 Due to its spectral decongestion 
capabilities and potential for high sensitivity, EVV 2DIR spectroscopy is well suited for 
performing such measurements. Chapter 9 describes the protein identification method 
and presents some results obtained by Fournier and Gardner that made use of the EVV 
2DIR experiment, operation protocols and sampling methodology developed for this 
thesis. These results demonstrate that the levels of phenylalanine, tyrosine and 
tryptophan in a protein can be quantified relative to total protein CH2/CH3 content using 
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EVV 2DIR. Chapter 9 concludes with a discussion of attempts to measure 
electronically enhanced EVV 2DIR signals and the successful observation by Gardner 
and Fournier of an electronically enhanced signal from retinal in bacteriorhodopsin.
11
 
 
The experimental data and analysis presented in Chapters 6-9 of this thesis indicate that 
EVV 2DIR spectroscopy is an interesting and useful technique, with a future in 
chemical applications of both pure and applied nature. Building on the experiences of 
EVV 2DIR spectroscopy gained during the research for this thesis, Chapter 10 
describes a new EVV 2DIR experiment under construction which incorporates a 
number of improvements over the existing experiment. Chapter 10 also suggests many 
further improvements in performance that should be considered for further research. 
These include use of surface plasmon resonances to enhance the EVV 2DIR signal, the 
use of shaped femtosecond pulses for nonresonant background suppression and 
investigating second order 2DIR measurements. 
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Chapter 2. Multidimensional vibrational 
spectroscopy. Theoretical background  
This chapter presents some of the background theory necessary to understand EVV 
2DIR spectroscopy and related techniques. The physics presented is standard, but has 
been formulated for the special purpose of understanding nonlinear techniques such as 
EVV 2DIR. In Sections 2-1 to 2-3, the classical electromagnetic theory of the 
interaction of a field with the charge distributions of matter is described. Section 2-4 
describes the polarisation response of the quantised motions of charge to a classical 
field and Section 2-5 presents the response function formalism, a useful way to 
calculate the polarisation of a material created by short pulses of light. In Section 2-6, 
the polarisations associated with the vibrational modes of a material are discussed. 
2-1 Electromagnetic theory 
One of the central ideas for understanding the interaction between light and matter is 
that an oscillating electromagnetic field passing through matter generates an oscillating 
polarisation of the charges associated with the matter. In turn the polarisation generates 
its own oscillating electromagnetic field, which radiates a field with properties different 
to that of the incident field.  
 
The effects of interest in this PhD thesis can be largely understood in the semi-classical 
approximation, treating the field classically and the origin and strength of the matter 
polarisation using quantum mechanics. This section presents the basic physics of the 
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classical nature of light necessary to understand multidimensional infrared 
spectroscopy.  
 
If a medium has a charge density ρ( r ,t), the spatial variation of the field associated 
with the medium is given by the Maxwell equation: 
    0/),(),( . ερ trtrE =∇     
         Equation 2-1 
   
This simply states that the divergence of the field is proportional to the charge present. 
ε0 is the vacuum permittivity. A second Maxwell equation states that orthogonal to any 
circulating electric field there must be a time varying magnetic field:  
    ttrBtrE ∂∂−=×∇ ),(),( 0µ   
         Equation 2-2 
 
Circulation is quantified using the curl operation. µ0 is the vacuum permeability. A 
third Maxwell equation states that the reverse of Equation 2-2 is also true: 
    ttrEtrB ∂∂−=×∇ ),(),( 0ε  
         Equation 2-3 
 
By applying the curl operation twice to a vector the following identity can be derived: 
EEE 2).()( ∇−∇∇=×∇×∇  
         Equation 2-4 
 
Taking the curl of Equation 2-2 and observing Equation 2-1, Equation 2-2 and Equation 
2-4 for free space (ρ = 0) we observe that the temporal and spatial curvature of an 
electric field must be proportional to each another: 
    
2
2
00
2
 
),(
),(
t
trE
trE
∂
∂
=∇ µε  
         Equation 2-5   
In other words, time varying electric fields propagating through free space are waves 
travelling at the speed of light, 00 1 µε=c .  
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A general solution of Equation 2-5 is the sinusoid: 
    ) .cos(),( 0 trkEtrE ω−=    
         Equation 2-6  
 
r is a Cartesian vector (x,y,z). k, known as the wavevector describes both the periodicity 
and direction of the wave, with each component ki = (2π / λi). E0 is the amplitude of the 
field. Note that the angular frequency ω and k are related:  
kc=ω       
         Equation 2-7 
 
Propagation of a wave through a dielectric medium changes the apparent speed of light, 
altering Equation 2-7: 
 kcn )(' ωω =     0)()(' εωεω =n    
Equation 2-8 
 
n’(ω) is the refractive index of a material and ε(ω) the dielectric permittivity.  
Equation 2-8 is known as the wave’s dispersion relation, dispersion here being the 
effect of the refractive index on the propagation of an electromagnetic wave.  
 
The relation between an electromagnetic field and its measurable quantity the intensity 
is as follows: 
2
0 ),(
2
1
),( trEctrI ε=    
Equation 2-9 
 
It is standard practice to express the oscillating field of Equation 2-6 in complex form: 
    
) .(
),( 0
trki
eEtrE
ω−=     
         Equation 2-10 
 
The following well known identity relates a complex exponential to a sine and cosine: 
 
       )) .sin() .(cos(
) .( 
00 trkitrkE
trki
eE ωωω −+−=−  
 
         Equation 2-11 
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The pure sinusoid expression of Equation 2-6 can be constructed as follows: 
  )
) .() .(
(
2
1
) .cos( *000
trki
eE
trki
eEtrkE
ωωω −−+−=−  
         Equation 2-12 
  
Due to the fact that it is easier to manipulate complex exponentials than trigonometric 
functions, it is preferable to use Equation 2-12 to describe an electric field. The fact that 
it is complex often causes confusion over physical meaning. The use of i can be viewed 
as a device to make calculations easier and for many applications one can just take the 
real part after manipulation. More usefully, complex numbers are a way of capturing 
the in phase and out of phase response of a system at the same time. From Equation 
2-11 it can be seen that the imaginary part of the field is π/2 out of phase with the real 
part. Thus if a real wave evolves into a complex wave over time this means that a phase 
shift has occurred.  
 
With the general solutions to the free space wave equation (Equation 2-5) introduced, 
sources of electromagnetic waves can be discussed. For the optics relevant to this PhD 
thesis we are interested in electromagnetic fields propagating in electrically polarisable 
media where there are no free charges and no magnetic polarisation effects. The effect 
of an electric field on a polarisable object such as a molecule is to induce an 
asymmetric charge distribution, the dominant contribution to this being the dipole 
distribution p. The exact dependence of p on E will be discussed in the next section. 
Here we can view a field as causing a net separation d of charges which once created 
gives rise to its own field distribution Edipole: 
  dqp =    
3
04
cos
),(
r
p
rEdipole
πε
θ
θ =   
        Equation 2-13 
 
q is the charge and d the separation vector. The symmetry of a dipole distribution 
means that the simplest expression for the dipole field is given in polar coordinates  
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(r,θ ). Note that here Edipole( r,θ ) is static. If p is not static, either freely oscillating or 
being driven at a frequency ω, Edipole will also oscillate at frequency ω . Far away from 
the source, the field distribution approximates to that of a plane wave.  
 
Adding the dipole moments of each molecule gives a macroscopic polarisation 
described by a vector P = N p, where N is the number density of molecules. It is 
important not to confuse this terminology with the vertical/horizontal polarisation of a 
light wave itself as these are two different concepts.  
 
The bulk polarisation P alters the field that induces it (E) in a well defined way. 
Consider a slab of dielectric material held between two charged plates. There is no net 
charge inside the slab but there is charge displaced from the surface by a distance d. 
The amount of charge per unit area that appears at the surface is Ndq, equivalent to P. 
The most basic application of Gauss’s law shows that the electric field from a charged 
surface is σ /ε0, where σ is the charge per unit area. Thus the field associated with a 
polarisation Epol is equal to P/ε0. This identity can be shown to be general,12 making it 
necessary to change two of the Maxwell equations.  
 
00
).(
ε
ρ
ε
=+∇
P
E    and  )(
 0
2
2
00 ε
µε
P
E
t
B +
∂
∂
=×∇  
        Equation 2-14 
 
The curl of E and the divergence of B are unaffected by the contribution from the 
polarisation field, and inside an isotropic dielectric material with no free charges, the 
divergence of E and P is zero. Applying Equation 2-4  to Equation 2-14 gives the final 
wave equation: 
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),(
 
),( ]
 
[
2
2
02
2
00
2 trP
t
trE
t ∂
∂
=
∂
∂
−∇ µµε  
        Equation 2-15 
 
Any assembly of charges that undergo change can be viewed as a fluctuating 
polarisation which according to Equation 2-15 acts as a source term for an oscillating 
electromagnetic field. Such ‘dipole radiation’ is at the heart of optical spectroscopy, 
hence Equation 2-15 can be considered one of the key equations of this thesis. The 
remaining issue unresolved in Equation 2-15 is the dependence of the polarisation on 
the applied field, a subject for the next section.  
2-2 The dependence of P on E. Linear and nonlinear optics.  
How does the polarisation P of a dielectric depend on the applied field E? Given an 
understanding of Equation 2-15 and an ‘every day’ experience of light, the question, 
might be answered by asserting that it must depend linearly with E. This is because in 
Equation 2-15, P acts as a field source term. If the dependence was strongly nonlinear 
at daylight illumination levels, under certain conditions the colour of monochromatic 
light would change as it passed through materials because P would be oscillating at 
frequencies different to that of the incident field E.  
 
For common optical phenomena such as refraction, absorption and diffraction, the 
polarisation P is linearly proportional to E. However, as the field is ramped up, the 
charge separation of electrons from the nuclei in matter increases and thus P increases. 
Increasing the applied field strength to values higher than the field strengths binding the 
electrons in a molecule to the nuclei causes removal of the electrons from the molecule 
(field ionisation). In this regime, the electrons can be considered to be infinitely 
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polarisable. For field strengths approaching this regime, P is a nonlinear function of the 
applied field. 
 
This intermediate regime between linear response and field ionisation is not normally 
detectable with ordinary light sources, but can be easily reached with pulsed lasers.  
Expanding the polarisation as a power series of the field is the best way to understand 
and keep track of the many optical effects that emerge with a nonlinear polarisation. 
........:.(
:
:
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         Equation 2-16 
 
The constants of proportionality χ(n) between each order of the field and the polarisation 
are known as susceptibilities, having dimensions (length.Volt
-1
) 
n-1
 and describing the 
details of the response of the charge distributions in the material. The susceptibility is 
related to the dielectric permittivity and refractive index as follows: 
   1)(1
)( 2
0
−=−= ω
ε
ωε
χ n      
Equation 2-17 
 
Here the definition of n in Equation 2-8 has been used, along with the definition of the 
displacement field in Equation 2-14. Thus the refractive index can also have a nonlinear 
response.  
 
The susceptibility is a frequency dependent quantity, with contributions from 
resonances across the electromagnetic spectrum. Because the field is spatially a three 
dimensional vector, for each order n there are 3
n
 possible field direction combinations, 
each potentially producing a polarisation along any combination of x,y or z coordinates. 
Therefore the susceptibility at order n will have 3
n+1
 components, which due to the 
space ordering of fields is a tensor. For a given material, many of the tensor 
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components may be zero or identical by symmetry and for a given experiment, tensor 
components can be selected using polarised driving fields, phase matching or for 
responses with a lifetime longer than the driving field envelopes, time ordered fields. 
 
Figure 2-1 Graphical representations of polarisation P vs. applied field for linear and nonlinear 
responses. 
 
Examples of even and odd contributions to the nonlinear response are shown in Figure 
2-1. Of particular importance is the fact that even order contributions to the nonlinear 
polarisation do not change sign when the driving field(s) reverse, giving rise to a 
polarisation which is greater for one sign of the field than the other, as in Figure 2-1 (b). 
Such a situation can only occur in a material containing a charge distribution which is 
more easily polarised for one direction of the field than the other. Therefore even order 
nonlinear processes are only nonzero at surfaces or in materials which lack inversion 
symmetry. 
 
Through Equation 2-16 and the identity (e
iωt
)
n
 = e
inωt
 it can be seen that for a time 
varying field proportional to e
iωt
, propagation through a dielectric can generate 
harmonics 2ω, 3ω, 4ω,...., nω in the polarisation P at order n, acting as source terms for 
new fields in Equation 2-15. For a field with multiple frequencies ω1,ω2,….., sum and 
difference frequencies will also appear in the nonlinear polarisation. As described in 
Chapter 3, the EVV 2DIR process studied for this PhD thesis involves mixing two 
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infrared fields E(ωα) and E(ωβ) with a visible field E(ωγ) . The nonlinear field of 
interest is radiated at frequency ωα−ωβ+ωγ: 
γβαχε EEEP
)3(
0=     
Equation 2-18 
    
Including the nonlinear field, Equation 2-18 describes a four wave mixing (FWM) 
process. As can be seen in Equation 2-18, the strength of the polarisation and hence the 
strength of the radiated nonlinear field is linearly proportional to the strength of each 
field α,β,γ. The size of EVV 2DIR signals is of fundamental importance in the 
usefulness of EVV 2DIR as an analytical tool. Consideration of the limiting factors on 
2DIR signal size will be a recurrent theme in this PhD thesis. 
 
Most practical sources of light based on nonlinear frequency conversion are based on 
the second order susceptibility, which for a number of materials (see the table in 
Appendix 12-3 for example) reach levels of 10
-12
 m V
-1
. Third order nonlinearities are, 
for non resonant incident radiation ~10
-24
 m
2
 V
-2
. With these values and realistic 
incident field strengths, what size nonlinear fields might be generated?  
 
Neglecting the spatial variation of Equation 2-15, the field associated with the nonlinear 
polarisation at second order n=2 is χ(2)Ε 2.  Consider a 1 mW CW laser source. 
Focussed to 100 µm this corresponds to a field strength of 3 x 102 V m-1, implying that 
the second order nonlinear field generated in an infinitesimal region of material with 1 
pm V
-1
 nonlinearity is 10
-8
 times smaller than the driving field. Increasing the field 
strength improves the situation considerably. For a 1 W source similarly focussed (3 x 
10
5
 V m
-1
), the nonlinear response is only 10
-2
 smaller. As the field strength is ramped 
up beyond 3 x 10
7
 V m
-1
 however, a CW field will also be generating higher order 
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nonlinear processes which correspond to charge displacements that cause ionisation and 
hence damage the dielectric.  
 
Third order nonlinearities are ~10
-24
 m
2
 V
-2
 for non resonant driving fields, which for 
the 1 W source described earlier would give a nonlinear field 10
-9 
times smaller than the 
incident field. It is important to note here that basic measurements of a nonlinear output 
would be in quadrature, that is, an intensity measurement and the intensity would be 
10
-18
 times smaller than the incident intensity and thus very small indeed.  
2-3 Phase Matching 
The preceding arguments for nonlinear field sizes were simplified by the fact that the 
signal was being generated from an infinitesimal slice of dielectric. For finite nonlinear 
material sizes we must consider how the fields radiated from nonlinear polarisations 
across the length of the material add up. To do this we return to the description of the 
spatial dependence of the nonlinear polarisation and field, Equation 2-15. For 
simplicity, we consider propagation of a continuous monochromatic field in one spatial 
dimension z. We assume that the susceptibility is independent of time, giving a 
nonlinear polarisation which in the presence of driving fields Ei oscillates as a plane 
wave. 
)
)'()'(
(),(
tzki
e
tzki
ePtzP
ωω −−+−=  
From Equation 2-16 it can be seen that the nonlinear response amplitude at order n is: 
           ∏
=
=
n
i
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n EP
1
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0 )(ωχε  
         Equation 2-19 
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Ei are the driving field amplitude(s), which could have a fixed frequency ωι or different 
frequencies for each i. The radiated nonlinear field will comprise a carrier and an 
envelope: 
)
)()(
)(,(),(
tkzi
e
tkzi
etzCtzE
ωω −−+−=    
         Equation 2-20 
 
An important distinction has been made between the wavevectors of the nonlinear 
polarisation (k’) and the nonlinear field (k). As described in Equation 2-7, the linear 
polarisation of a material adds a frequency dependent phase shift, altering the 
wavevector from its free space value ki in proportion to the refractive index. For an 
arbitrary number of driving fields, the wavevector of the nonlinear polarisation will 
thus be the sum of the wavevectors of the driving fields: 
  ∑=
i
ii knk )('' ω     ∑=
i
iωω '    
Equation 2-21 
 
The nonlinear output field’s wavevector propagates with frequency ω=ωδ and 
wavevector n’(ωδ) k, which due to dispersion can be different to the wavevector of the 
polarisation, even though they oscillate at the same frequency. This difference gives 
rise to the phase mismatch effect. 
 
Inserting the trial solutions into Equation 2-15, one obtains an expression with products 
of the zeroth, first and second derivatives of the envelope and carriers. In order to 
concentrate on the spatial dependence of the nonlinear field, the following 
simplifications are made. It is reasonable to expect C(z,t) to change slowly in time 
compared with ω−1 and gradually in space compared with the wavelength k-1. Thus 
second order space and time derivatives of the field envelopes can be dropped, 
commonly known as the slowly varying envelope approximation. Terms proportional to 
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E (losses) have been neglected and the dispersion relation k=n/λ c used. This enables 
the following expression to be derived: 
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         Equation 2-22 
 
Defining the phase mismatch as ∆k=k’-k, the linearised 1D Maxwell equation for the 
evolution of a field from a polarisation is:   
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         Equation 2-23 
 
Note that in many texts,
1
 the cgs system of units is used which results in a slightly 
different arrangement of the fundamental constants. This single frequency nonlinear 
field case can be generalised to an arbitrary number of fields interacting through the 
nonlinear polarisation term, resulting in sets of coupled wave equations. An example 
will be shown in Chapter 5 for optical parametric amplification. Assuming that each 
nonlinear field is weak compared to the driving field decouples the wave equations. 
Dropping the time variation of the nonlinear field (a steady state assumption), Equation 
2-23 can be integrated along z over length L. Using the integration range ± L/2, a 
simple expression for the field amplitude C(z) is arrived at. 
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         Equation 2-24 
Equation 2-24 describes the effect of adding nonlinearly generated fields at a position L 
along a slab of dielectric. Because the spatial phase of the polarisation is out of step 
with the field that it generates by an amount ∆k, the field components generated along 
the length L interfere destructively. An oscillation in amplitude is observed as the 
length increases (∝  sin ∆kL/2) because the interference oscillates between constructive 
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and destructive. The greater the length L, the more fields are added. Thus as L 
increases, the more complete is the destructive interference and less complete the 
constructive interference (the attenuation is proportional to kL∆1 ).  
 
An expression explicitly describing the effects of both the dispersive and absorptive 
parts of the refractive index n(ω) can be derived in a similar manner to Equation 2-24 
by referring to Equation 2-21, using the identity n(ω)=n’(ω)+i n’’(ω), and identifying 
an absorption term ∆α = ∑−
i
i cn ω'' , giving: 
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         Equation 2-25 
 
This expression can be easily generalised to multiple dielectric layers such as in a 
sample cell.
13
 As will be shown in this thesis, the absorption and dispersion changes 
that occur in nonlinear spectroscopy when scanning the frequencies of IR fields across 
vibrational resonances cause large changes in the nonlinear output field amplitude, with 
very important consequences for the 2DIR lineshapes. This issue will be explored fully 
in Section 5-11. 
 
When ∆k=0, a nonlinear process is said to be phase matched. In the single photon limit, 
phase matching becomes equivalent to momentum conservation - the most common 
explanation used to explain why phase matching is necessary. Given that for most 
nonlinear spectroscopy applications, the driving field occupation numbers are very 
large and hence well described by the classical analysis of this chapter, it is more useful 
to see phase matching as a field effect rather than a photon effect. 
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There are two situations where the phase mismatch ∆k might be non zero. The first is 
where the refractive index of the material at the driving field frequencies is different to 
that of the nonlinear output field frequency. As described in Section 4-5, for crystals 
exhibiting birefringence, the angle-dependent component of the refractive index can be 
optimised to minimise ∆k.The second situation is when the driving fields are 
propagating non-collinearly. Here the induced polarisation wavevector is a vector sum 
of the driving field wavevectors. 
 
It is possible to use non collinear geometries to offset refractive index dispersion and 
phase match a nonlinear process. How this is achieved is best viewed using vector 
diagrams, examples of which are shown in Figure 2-2. Not only do noncollinear 
geometries allow phase matching to be achieved, they also select for specific nonlinear 
processes in the susceptibility tensor and allow the nonlinear field to be spatially 
isolated from the driving fields. It should be noted that the overlap region of the 
excitation fields is limited by the beam angles and sizes and if the dispersion of the 
sample is too large, no noncolinear geometry will phase match the sample.  
 
Nonlinear spectroscopic techniques such as CARS use non collinear phase matching 
geometries (see Figure 2-2) but here a disadvantage of noncollinear phase matching 
emerges when studying strongly dispersive samples. Because the refractive index is 
varying strongly with frequency, it is necessary to change the angles of the driving 
fields for the frequency range of interest in order to maintain a phase match. This can 
either be achieved mechanically or by introducing a range of driving field k vectors by 
use of tight focussing. The disadvantage of using mechanical changes of input beams 
Chapter 2. Multidimensional vibrational spectroscopy. Theoretical background                                                                                                       
   
 
 28 
are the increased experimental complexity. The disadvantages with focussing are 
reduced nonlinear pathlength and less efficient use of the incident field intensity. 
 
Figure 2-2 Wave vector phase matching diagrams for Sum Frequency Generation (SFG), Coherent Anti 
Stokes Raman (CARS) and Electric-Vibration-Vibration 2DIR (EVV 2DIR). The nonlinear output is 
shown in red. Shown are cases of zero dispersion and normal dispersion. The result of normal dispersion 
here is to increase the largest k vectors more than the smaller k vectors. The noncolinear examples (v), 
viii), ix) and x)) show how a phase match can be achieved under normal dispersion. 
 
There are a few situations when phase matching is not an issue. For example for the 
case of degenerate four wave mixing or the AC Kerr effect (described in Section 4-3), 
the nonlinear signal and input driving fields have the same frequency. The spontaneous 
Raman process is a χ(3) effect however its emission is incoherent and when integrated 
over the sample there is no net constructive or destructive interference. Moreover, 
examination of the momentum conservation diagram shows that ∆k=0 no matter what 
the level of dispersion.  
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When the sample is thinner than π /∆k the spatial variation of nonlinear emission can be 
neglected and for any nonlinear process, phase matching can be neglected. The 
nonlinear field gives a radiation pattern that is characteristic of dipole radiation and 
hence highly divergent. For surface or high sensitivity work this presents a major 
simplification, however given the low signal sizes, for many applications thick samples 
must be somehow phase matched to generate a signal large enough to measure.  
2-4 The quantum mechanics of P 
This section presents a quantum mechanical description of the origins of the material 
polarisation which was used as the source term P in the linearised Maxwell equation of 
Sections 2-2 and 2-3. The polarisation terms of interest here are related to the response 
of electrons and nuclei in a dielectric material to a time varying optical frequency 
electric field. This textbook situation has been well described elsewhere.
14-17
 The most 
salient points which relate directly to understanding the terminology of nonlinear 
spectroscopy and EVV 2DIR described here.  
 
At an elementary level, spectroscopic processes are often loosely defined in terms of 
creation of excited state populations and absorption/emission of photons.
15
 The 
inadequacy of these definitions becomes apparent when nonlinear techniques such as 
EVV 2DIR spectroscopy are considered, necessitating the use of the concept of 
coherences (also known as optically induced polarisations).
1,14
 In this section the 
concept of quantum mechanical coherence (polarisation) is explained in the context of 
material eigenstates and the diagrammatic methods for depicting spectroscopic 
processes involving coherences is described.  
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In the model presented in this section, all interactions of a material with matter take 
place via coherences and it is shown how the coherent state is the state that radiates the 
field that is observed in all transition dipole emission processes. Coherences are not 
limited to special nonlinear processes such as EVV 2DIR. The radiative step in 
fluorescence emission spectroscopy occurs when a coherence of ground and excited 
states is formed from the excited state, radiating a field. The so called ‘virtual state’ in 
the Raman scattering process which allows for modification of the incident field and 
molecule internal coordinates also corresponds to a coherence (polarisation) of the 
ground and first excited states of the molecule (see Section 3-2).  
 
To describe the interaction between light and a dielectric material, the optical field is 
considered as a weak time dependent perturbation H’(t) acting in addition to a strong 
time independent Hamiltonian H describing the unperturbed system. The system is an 
assembly of molecules and each molecule is described by a state vector )(tΨ , which 
can be expressed using the complete set of eigenstates that describe the unperturbed 
system. )(tΨ  is determined by the time dependent Schrodinger equation:  
   )()( )]('[ 0 t
t
ittHH Ψ
∂
∂
=Ψ+ h  
        Equation 2-26  
        
ti
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ieitct
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)()( ∑=Ψ         where        iEiH 00 =   
        Equation 2-27 
 
It will be shown later using density matrices how the response P is related to each 
molecule’s state vector )(tΨ . Projecting )(tΨ onto Equation 2-26 gives expressions 
for the time dependence of the basis state coefficients ci(t):  
 
Chapter 2. Multidimensional vibrational spectroscopy. Theoretical background                                                                                                       
   
 
 31 
   itHjetc
i
dt
tdc ti
i
i
j ji )(' )(
)( )( ωω −−∑
−
=
h
 
        Equation 2-28 
 
Equation 2-28 is a set of coupled first order differential equations showing that the 
weak perturbation H’(t) generates amplitude in state j via transitions from state i. 
Starting with amplitude in only one state, say, state g (ground state), (cg(t)=1), Equation 
2-28 can be integrated to give the time dependence of ca(t), which can then be 
integrated to give the time dependence of further coefficients, and so on: 
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        Equation 2-29 
 
This perturbative approach assumes that the amplitude of the initial state cg(t) hardly 
changes from its initial value of 1. Note that the first order interaction term of Equation 
2-29 describes ca(t) : 
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        Equation 2-30  
To proceed, H’(t) must be identified for a time varying electric field interacting with 
electric charge. For the purposes of this thesis, it is necessary only to consider the so 
called E1 or electric dipole operator.
15,17
 In this approximation, the projection of a 
molecule’s dipole moment (given by the operator µˆ ) onto the incident electric field is 
calculated, giving an operator H’(t) which describes the energy of the interaction of the 
molecule’s dipolar charge distribution and the field: 
    ),( . ˆ)(' rtEtH µ−=  
         Equation 2-31 
 
The spatial variation of the optical field E(t, r) is much larger than molecular 
dimensions and in the E1 approximation neglected. The example of a continuous 
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monochromatic laser field of frequency ω is considered. Choosing linear polarisation, 
propagation along the z axis and field amplitudes Ex and Ey in the directions given by 
unit vectors ex and ey, the field has the following form: 
( )( )yyxtiti eEeEeetE   
2
1
)( x ++=
− ωω  
         Equation 2-32 
 
The dipole moment operator for a molecule contains position operators multiplied by 
charge for each electron and nuclei:  
n
n
n
e
enuclearelectronic
reZre ˆˆˆˆˆ ∑∑ +=+= µµµ  
         Equation 2-33 
 
It is noted here that within the Born-Oppenheimer approximation, the nuclear and 
electronic eigenstates can be treated separately.  The expectation value of µˆ  acting on 
an eigenstate i  of Hamiltonian H therefore reports on the strength of the state i  
dipole moment p (see Section 2-1). Note that i  is not an eigenstate of µˆ  and the effect 
of )(.ˆ tEµ  is to mix the eigenstates of the unperturbed Hamiltonian H. Taking a field 
polarised along the x axis, the extent of the mixing (polarisation) along x is given by the 
matrix elements of H’(t): 
  ( ) ( )titigatiti eeEeeEgagrtEa ωωωω µµµ −− +=+= 00
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         Equation 2-34 
 
The definition of ga µˆ =µga has been made here. It is insightful to solve Equation 
2-30 for the case of the monochromatic CW field using the matrix element of Equation 
2-34: 
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         Equation 2-35 
 
In the final expression for ca(t), the ‘anti-resonant’ ωag+ω term has been neglected 
(rotating wave approximation) and the definitions of transition frequency ωag= ωa-ωg 
and Rabi frequency Ωga= h20Egaµ  have been made. Thus the amplitude ca(t) is 
increased by interaction of the system with the e
-iωt 
component of the field. Setting 
x=t(ωag-ω)/2, it can be seen that when the laser frequency ω matches the transition 
frequency ωag, the sinc term (t sin x / x) is equal to t.15 A transition rate wga can be 
defined and it is seen that on resonance it is equal to the Rabi frequency: 
    gaaga ttcw Ω==     /)(
2   
         Equation 2-36 
 
It is noted here that Equation 2-29 although rigorous has a number of drawbacks in 
practical calculations. These include the difficulty in incorporating relaxation effects 
and the further calculations required to relate the amplitudes cn(t) calculated for single 
molecules to material polarisations deriving from ensembles of molecules. For these 
reasons among others it is much simpler to keep track of the evolution of coefficients 
cn(t) using the density operator and density matrix: 
)()()(ˆ ttt ΨΨ=ρ   and   )()(
,
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ki
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         Equation 2-37 
 
To illustrate the properties of the density operator and density matrix it is informative to 
expand the density operator in a two state basis set (Equation 2-27, i=2): 
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         Equation 2-38 
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Applying the two state density operator to a system initially in state g  determines 
how the system has evolved from state g  under the perturbation H’(t), giving: 
aetctcgtctcgt
ti
gagg
ag   )()( )()( )(ˆ **
ωρ +=  
                                                                                                       Equation 2-39 
   
Equation 2-39 describes a phenomenon of central importance in theories of nonlinear 
spectroscopy. Starting with a system in state g  at t=0, if g and a  can be coupled 
by the perturbation H’(t) then over time t a coherent superposition of g and a  grows 
(an increase in ca(t)). Inspection of Equation 2-39 thus allows the density matrix to be 
given a simple physical interpretation. It’s diagonal elements (known as populations) 
are the probabilities of finding the system in states 1,2,…, n. Here, ai(t)=ci(t). The off-
diagonal elements, known as coherences describe the mixing of the states through the 
perturbation H’(t), with ai(t)aj(t)
*
 =ci(t)
ti ie
ω
 cj(t)
* ti je
ω−
. The amplitudes apply equally 
well to one molecule or a system of n identical molecules. 
 
It can thus be seen that through a single ‘interaction’ of H’(t) with the two level system 
(first order perturbation), a  can exist as part of a coherent state mainly comprising 
g  (weak coupling). Note that the contribution of a  to the coherent state is 
oscillatory. For electronic or nuclear polarisations this oscillatory contribution 
corresponds to changes in charge density as the coherence oscillates between pure g  
and the maximum contribution of the excited state a , resulting in an oscillating dipole 
moment. As described in Sections 2-1 and 2-2, an oscillating dipole moment radiates an 
electromagnetic field. Such dipole radiation is responsible for the majority of 
spontaneous and stimulated field emission processes in the infrared, visible and 
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ultraviolet. The concept of a coherence (also called a ‘polarisation’) is hence 
fundamental in understanding the manner in which molecules radiate light.  
 
When the photon occupation numbers of the incoming and outgoing fields are large, 
Equation 2-15 can be used to describe the generation of a classical dipole field derived 
from a quantum mechanical polarisation P (given by Equation 2-40). When this is not 
the case, quantised field descriptions must be used.
14
 For the purposes of this thesis, 
classical incoming and outgoing fields are assumed. The dielectric material is 
considered as an assembly of molecules, each molecule interacting with the incoming 
field. The time varying macroscopic polarisation density of a material is then 
proportional to the time varying coherence ρij multiplied by the size of the dipole µij:1 
)()( jijiijijNFtP µρµρ +=  
         Equation 2-40 
 
The constants of proportionality are N, the number density of molecules and F, a local 
field correction factor which takes care of the effect that neighbouring dipoles have on 
one another. F can be approximated as:
1
 
     
3
22 +
=
n
F  
         Equation 2-41 
 
An important point to note about the evolution of a system into a coherent state is that 
the complex conjugate of Equation 2-39 is equally valid. Thus there are two types of 
field interactions generating coherences. Equation 2-39 describes the generation of a 
‘ket’ state coherence ρag (simply because the component of the ‘a’ state mixed into the 
ground state is a ket a ). Likewise, the complex conjugate of Equation 2-39 describes 
the generation of a ‘bra’ state coherence ρga. The oscillatory components of the bra and 
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ket state coherences are of course complex conjugates (distinguished in Equation 2-38 
by replacement of ωag with −ωag).  
 
Equation 2-35 showed how the evolution of the amplitude for a ket coherence was 
calculated for the interaction of a two level system with a continuous wave 
monochromatic field. Within the rotating wave approximation, the tie ω−  component of 
the field was shown to interact with a two level system through the dipole coupling 
term µ.E  to give an amplitude ca(t) of state a  in the coherence. In the density matrix 
formalism this corresponds to generation of a ket state coherence ρag (see Equation 
2-39). Likewise, the tie ω  component of the field interacts with the system to give a bra 
state coherence ρga. These definitions imply that generation of an excited state 
population ρaa involves two interactions with the laser field, equivalent to applying the 
density operator to the coherent state time t and it’s conjugate at a later time t’, taking 
the state from ρgg to ρag to ρaa or from ρgg to ρga to ρaa 
 
By symmetry, a field interacting with an excited state population ρaa can remove an ‘a’ 
state bra or ket to give a ρag (or ρga) coherence, which radiates a field ( tie ω± ) and then a 
ground state coherence ρgg (with emission of the conjugate field component . ( tie ωm ). 
For an applied laser field this is stimulated emission and for a black body field this is 
spontaneous emission). The measured intensity is proportional to the absolute value of 
the field squared.  
 
The most insightful way to depict a series of field interactions with a molecular system 
is through the use of diagrammatic representations of the interaction.
2,14,18
 Some of the 
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more common notations in use in nonlinear spectroscopy are the wave mixing energy 
level (WMEL) diagrams, double sided Feynman diagrams and coherence pathways 
(Liouville space diagrams), shown in Figure 2-3. Such diagrams will be used in later 
chapters to describe nonlinear processes of interest.  
 
In a WMEL diagram (sometimes known as a ladder diagram), the energy level scheme 
of the states of interest is shown and the bra and ket transitions are distinguished by full 
and dotted arrows. The time/interaction ordering goes from left to right. Creation of 
higher energy state coherences (absorption of field) are shown using upward arrows 
and creation of lower energy state coherences (emission of field) shown with 
downward arrows. The radiative step(s) of interest are indicated by curly arrows or 
thick arrows.   
 
Double sided Feynman diagrams do not contain information about the energy levels of 
the system. The bra and ket side transitions are clearly separated and time (interaction 
order) goes from bottom to top. Inward pointing arrows correspond to generation of 
higher energy state coherences (absorption of field) and outward pointing arrows 
correspond to an interaction of the material with a field that results in removal of an 
excited state bra or ket component from a population or coherence, giving emission of 
field.  
 
Figure 2-3 shows that dispersion, absorption and emission all involve two field 
interactions. In the case of dispersion, the effect of the ρga coherence dipole radiation is 
to modify the incoming field, generating a phase shift in the outgoing field which 
interferes with the incident field. This phase shift describes the refractive index of the 
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material (See Equation 4-8). In many nonlinear spectroscopic techniques such as EVV 
2DIR, coherences can be generated that oscillate at different frequencies to those of the 
incoming fields. The corresponding downward (outward) pointing arrows in WMEL 
(Feynman) diagrams indicating the radiative step therefore do not have a driving field 
at the same frequency associated with them.  
g
a
Ig> <gI
Ia> <aI ρgg
ρaaρga
ρag
g
a
Ia> <aI
Ig> <gI ρgg
ρaaρga
ρag
absorption
emission
g
a
i)
Ig> <gI
Ia> <aI ρgg
ρga
ρag
ii) iii)
dispersion
 
Figure 2-3 Depictions of the first order interaction of a field with a two state system. Shown in i) are 
Wave Mixing Energy Level (WMEL) Diagrams. The full arrows depict a ket transition and the dotted 
arrows depict a bra transition. The larger arrow depicts a radiative step. Shown in ii) is the double sided 
Feynman diagram format and in iii) is the coherence pathway format. For the Feynman diagram format, 
inward pointing arrows indicate absorption of light and outward pointing arrows emission of light. For 
the coherence pathway format, full lines indicate absorption and dotted lines indicate emission. For 
WMEL and Feynman diagrams, the complex conjugate processes have not been drawn. 
 
So far, the interaction Hamiltonian H’(t) has comprised only an externally applied CW 
field (see Equation 2-35). For this treatment, if a system was somehow resonantly 
prepared in a coherent state or population, it would persist indefinitely. For the case of a 
single molecule, an indefinitely persisting coherence would continually radiate a field, 
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which violates the conservation of energy. The classical field picture is not valid in this 
limit and to describe emission correctly, a description of the molecule’s oscillating 
dipole exchanging energy with a quantised field must be used.
14
 Furthermore, for an 
isolated molecule in a vacuum, the randomly varying fields associated with black body 
radiation mean that excited state coherences and populations cannot normally persist 
indefinitely anyway. In condensed phases, fluctuations of charge associated with finite 
temperature motions of the environment generate fields which interact with the excited 
state populations and coherences, giving rise to damping effects. In the case of 
fluorescence emission, the destruction of the excited state population by fields 
associated with environmental fluctuations generates a coherence of ground and excited 
states, briefly radiating a field which is damped by further environmental fluctuations to 
give a ground state population.  
 
Damping effects acting on populations and coherences are extremely varied and  
difficult to incorporate into a Hamiltonian in a general manner.
14
 When it is only 
necessary to quantify the effects of damping and not explore the microscopic origins, it 
is sufficient to treat damping phenomenologically using empirical population and 
coherence damping terms. As noted previously, the density matrix formalism is the 
most convenient manner in which to achieve this. By applying the time dependent 
Schrodinger equation (Equation 2-26) to the density operator, the equation of motion of 
the density operator can be derived:
15
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Applying Equation 2-42 to the eigenstates of H gives: 
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         Equation 2-43 
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Equation 2-43 describes the rate of change in time of the populations (i=j) and 
coherences (i≠j) under the perturbation H’(t). This equation allows direct addition of 
phenomenological damping terms -Γijρij, where Γij are empirical damping rates. These 
damping rates are also frequently expressed as relaxation times T1 (population 
dephasing) and T2 (coherence dephasing).  
 
In the density matrix model, a major effect of the environment (or ‘bath’) perturbations 
is to randomly induce transitions of the bra or ket of ρij to some other state k or to the 
ground state g. For this situation, T1 and T2 are related. The random nature of the 
transitions implies a loss of phase coherence, hence these processes are called 
dephasing processes. If the dephasing process is only based on environmental field 
fluctuations there are two ways to destroy a population (ρaa to ρag (or ρga)) and only one 
way to destroy a coherence, therefore T2=2T1. If however, the energy levels of the 
system are fluctuating randomly, the phases from coherences of individual molecules 
contributing to the bulk polarisation become out of step and destructively interfere with 
one another, causing the amplitude of the material polarisation to be damped over time. 
This gives an extra contribution to the coherence relaxation known as pure dephasing  
(T2* ).
15,19,20
 The relation between T1 and T2 is then: 
*
212
1
2
11
TTT
+=  
          Equation 2-44 
  
In a similar manner to the deduction of the amplitudes c(t),  Equation 2-42 for the time 
variation of the density operator can be expanded perturbatively: 
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Equation 2-45 
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A number of different methods exist for formulating series such as Equation 2-45, all 
describing the evolution of entities that can be related to the observables of interest.
14
  
Each term of the series has its own corresponding double sided Feynman or WMEL 
diagram. In the next Section, a particular representation of Equation 2-45 incorporating 
response functions will be examined. 
 
In the steady state, for CW laser excitation and a two level system, the first order 
rotating wave approximation solution for the evolution of density matrix element ρag 
and its complex conjugate are similar in form to Equation 2-35:
21
 
)0()(
.
gg
rkiti
ag
ga
ag
laseret ρρ ω +−
∆
Ω
−=    and )0()( . gg
rkiti
ga
ga
ga
laseret ρρ ω +
∆
Ω
=   
         Equation 2-46 
 
Here, the detuning factor is defined as ∆ij=ωi - ωj - iΓij, with ∆ji=∆ij*=ωi - ωj + iΓij . 
ρgg(0) are the initial conditions. It should be noted that there is a convention applied to 
the ordering in the subscripts of the detuning factors (but not the Rabi frequencies) that 
distinguishes the terms of ρag and ρga. Equation 2-46 describes a coherence driven by 
the laser field. The frequency response is Lorentzian. As will be demonstrated in the 
next section through response functions, when the laser field excitation ceases, the 
polarisation reverts to oscillation at its natural frequency, radiating a field based on the 
size of the coherence, which through damping decays to zero. In analogy with NMR,
22
 
this is known as free induction decay (FID).  
 
Equation 2-46 describes a situation where every molecule in the material has the same 
transition frequency and the damping terms dictate the width of the frequency response. 
This regime is defined as homogeneous broadening. Inhomogeneous broadening occurs 
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when there is a static distribution of transition frequencies contributing to the 
polarisation. 
 
 
Within the limit of continuous excitation and weak interactions, higher order terms of 
the perturbation series of Equation 2-45 can be constructed simply by using Equation 
2-46 as the initial condition for further interactions. Thus, coherences and populations 
generated for any coherence pathway can be calculated. For example, the coherence 
giving rise to EVV 2D-IR pathway i) signal is given by: 
 .     )0()(
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         Equation 2-47 
 
Here, the ρea coherence is generated through interactions of fields α, β and γ with 
vibrational states a and c and an electronic state e. The ρea coherence thus corresponds 
to a χ(3) process with the nonlinear polarisation oscillating at a frequency of ωγ+ωβ−ωα. 
This EVV 2DIR coherence is described fully in Section 3-3. What is important to 
identify here is that Equation 2-47 has the general form of any third order nonlinear 
process. By combining it with Equation 2-40 and recalling the definition of Rabi 
frequency, it can be seen that the third order polarisation goes as the quadruple product 
of the transition dipole moments involved, divided by the triple product of the detuning 
factors.  
2-5 The response function formalism 
This chapter has so far discussed the manner in which an optical frequency electric 
field interacts with a collection of molecules to generate a macroscopic polarisation P, 
and how the polarisation then radiates an electric field with a phase or frequency shift 
relative to the incoming radiation. Many of the important features of the underlying 
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physics were highlighted by assuming continuous wave (CW) excitation fields. This 
limit can be considered valid when the durations of the applied electric fields are much 
longer than the relevant dephasing processes affecting the coherences and populations 
of interest. Once this limit is reached, transients in the equation of motion of the density 
matrix can be neglected and the optical response becomes independent of the pulse 
duration.  
 
It is shown in this thesis and by Wright and co-workers
4,5
 that EVV 2DIR spectroscopy 
is implemented best when pulses of a similar duration to the dephasing processes are 
used. A useful time domain calculational framework established by Mukamel for 
dealing with this situation employs response functions.
14
 In this section, an elementary 
interpretation of time domain response functions is presented, with particular emphasis 
on understanding the simple applications to EVV 2DIR spectroscopy employed in this 
thesis. 
 
An n th order response function R
(n)
(tn,...,t1) describes the microscopic behaviour of the 
molecules of interest in terms of the coupling of eigenstates to the applied fields and to 
the bath:
23
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         Equation 2-48 
 
Equation 2-48 shows response functions of order 1, 2 and 3. µ(t) is an operator 
describing the time variation of the system’s dipole moment under the molecular 
Hamiltonian with no driving fields. In a density matrix description, the angle brackets 
imply an ensemble average of the matrix elements of the dipole operators. Each order 
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of the response can be formally identified as an nth order dipole correlation function.
14
 
As was demonstrated in Equation 2-47, the third order response goes as the fourth 
power of the dipole operator. This can be verified in Equation 2-48 by expanding the 
nested commutators. The resulting terms describe the different possible coherence 
pathways.
24,25
 It is common to define the operators µ(t) as the dipole operator ( µˆ ) in 
the Heisenberg picture.
26
 The first order response function R
(1)
 is then for example: 
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         Equation 2-49 
 
Here R
(1)
 has been expressed in a manifold of states i , where H0 i =E
0 
i . For the 
case of 
1
µˆ =
0
µˆ , operating on R(1)(t1) with two complete sets of eigenstates ii
i
∑  
gives:
26
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         Equation 2-50 
 
Here, ωij=ωi-ωj. Damping of each dipole can be incorporated using the dephasing rate 
terms Γij discussed in Section 2-4. The time domain equivalent of frequency domain 
homogenously broadened (Lorentzian) lineshapes is given by the damping function 
tije
 Γ−
.
27
 Neglecting orientational averaging and orientational differences between 
successive dipoles, in the limit of homogeneous broadening, response functions can 
thus be written simply as the product of the transition dipoles involved multiplied by 
the exponential frequency and damping terms. For the example of dispersion we have 
the creation of an oscillating polarisation at time t-t1: 
11 tti
ag
agage
Γ−− ωµ .The first order 
response function is: 
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In Section 2-4, time dependent perturbation theory was used to show how successive 
interactions of a field with a material could be treated by integrating over each 
interaction. This was shown in Equation 2-29 for calculation of state amplitudes ci(t) 
and in Equation 2-45 for the evolution of the density operator. In the same manner, 
response functions are formulated such that their convolution with the driving fields 
gives the time varying n th order polarisation: 
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         Equation 2-52 
 
For pulsed and time ordered fields, the convention set by Mukamel and followed in this 
thesis is as follows. The t=0 dipole operator is associated with the final interaction and 
the effect of previous pulses is calculated for earlier times.
14,23
 In the contemporary 
literature of 2DIR, the reverse ordering is frequently encountered.
5,24
 It is worth noting 
that in the limit of delta function excitation (impulsive limit), the polarisation becomes 
equivalent to the response function in the time domain. Thus, measurement of the field 
associated with the free induction decay (described in Section 2-4) constitutes direct 
measurement of the response function.  
 
It is important to understand the difference between the time variation of the 
polarisation t and the times t1, t2,…tn that are being integrated over. Consider the 
example of homogeneous broadening. In the frequency domain this gives rise to a 
Lorentzian response, corresponding in the time domain to exponential coherence decay. 
For homogeneous broadening, Equation 2-52 at first order states that at time t, the total 
polarisation is proportional to a sum (over t1) of exponentially decaying polarisations 
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previously generated by the field at times t-t1. This is depicted schematically in Figure 
2-4. Thus, the response function in the integral is only a function of t1; the time elapsed 
after the polarisation was generated by the laser pulse. The laser pulse occurs in 
absolute time t, but the field amplitude we are interested in is that which occurred when 
the coherence was generated at time t-t1. Hence the laser pulse generating the coherence 
is a function of t-t1.  
t
laser pulse
coherence decay
t1=0t1
integration range to 
calculate signal at t 
time
 
Figure 2-4 Schematic depiction of the generation of exponentially decaying polarisation (black lines) 
throughout the duration of a pulsed laser field (red). The total polarisation size at time t is obtained by 
summing over the coherences generated at different times over the pulse.   
 
 
Figure 2-5 Schematic depiction of the generation of a third order polarisation (green dotted line) from 
successive interactions with three pulsed laser fields spaced by delays T12 and T23. The first pulse 
generates a polarisation (dotted black line) at time t-t2-t3 which as described in Figure 2-4 is obtained by 
integrating over t1 for polarisations generated at t-t1-t2-t3 . The second laser pulse acts on the first order 
polarisation at time t-t2-t3 to generate a second order polarisation (dotted blue line). Integration over t2 
gives the second order polarisation as a function of t-t3. The final pulse interacts with the second order 
polarisation at time t-t3  to generate a third order polarisation. Integrating over t3 gives the third order 
polarisation as a function of time. 
    
laser pulses
T12 T23
t
polarisation
t-t2-t3 t-t3t-t1-t2-t3
t1 t2 t3 t
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As shown in Figure 2-5 and Equation 2-52, for higher order interactions, the first 
interaction is shifted backwards in time such that it occurs at t-t1-t2 for second order, t-
t1-t2-t3 for third order and so on. 
 
The example of a first order response given previously serves to demonstrate how the 
response function formalism works in general. As will be described in Section 4-1, a 
short laser pulse can be represented as a complex field of frequency ω multiplied by a 
time and space varying amplitude A(t,r): 
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 The macroscopic first order polarisation is then: 
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          Equation 2-54 
 
N is the number density and F is the local field correction factor (see Equation 2-40). 
An important physical insight to gain from Equation 2-54 is that for a non-zero field 
amplitude the convolution of the pulsed laser field with the response function always 
gives a polarisation that oscillates in time t at the driving frequency ω. This corresponds 
to a driven polarisation. When the laser field is in resonance with the dipole transition, 
ω∼ωag, the polarisation goes as ∫
Γ−
−∝ 1)( 11
tti agettAdteP ω . When the laser field is 
switched to zero the polarisation goes into free induction decay, described earlier as 
equal to the response function. 
 
Numerical integrations of the first order interaction described by Equation 2-54 are 
shown in Figure 2-6 for 2.0 ps FWHM Gaussian pulses. A description of Gaussian laser 
pulses is given in Section 4-1. Graph (a) shows the polarisation generated by the field 
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interaction for resonant interaction with an a state of energy 1500 cm
-1
 and decay rate 
of 0.5 ps
-1
 (equivalent to a homogeneous linewidth of 5 cm
-1
). Shown in red is the 
excitation pulse envelope. The build up of polarisation and subsequent free induction 
decay can be clearly seen. The field radiated by the polarisation is proportional to P and 
the intensity proportional to P
2
. Graph (b) shows the form of the intensity radiated by 
the polarisation of Graph (b). Graph (c) shows the response for an a state linewidth of 
25 cm
-1
.   
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Figure 2-6 Oscillating polarisations generated from interaction of a two level system with a Gaussian 
laser pulse of 2.0 ps FWHM (the excitation pulse envelope is shown in red on each graph). The ground 
state g is 0 cm
-1
 and the excited state a is 1500 cm
-1
.  (a) shows the dipole variation when the centre 
frequency of the laser pulse is in resonance with state a and state a  has a 5 cm
-1
 homogeneous linewidth. 
(b) shows the intensity variation of the field generated by the dipole described in (a). (c) is an exact 
resonance case but with an a state linewidth of 21 cm
-1
. (d) shows the off resonance case for the 5 cm
-1
 a 
state linewidth. The laser frequency was 1450 cm
-1
. These graphs were obtained by numerical integration 
of Equation 2-54 using Mathematica.  
 
When the linewidth of the resonance increases the size of the resonant polarisation and 
the extent of the free induction decay can be seen to decrease. Graph (d) of Figure 2-6 
shows the polarisation generated from an off resonance driving field. The polarisation 
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is not only weaker than the equivalent resonance case of Graph (a) but there is no free 
induction decay outside of the pulse overlap. As will be seen in the next section, this 
behaviour of non resonant coherences having ‘zero lifetime’ outside of the pulse is of 
great practical importance in removing strong non resonant nonlinear signals from 
weaker resonant signals.  
2-6 Vibrations and vibrational coupling  
This chapter has set out some general principles regarding the interaction of light with 
matter. The interest for the work towards this thesis is specifically in the interaction of 
light with the dipole charge distributions associated with a molecule’s nuclear motions. 
In this section, the types of eigenstates and dipole operators associated with the nuclear 
motions describing vibrations are outlined. The aim here is not to give a comprehensive 
description of vibrational mode analysis and the quantum mechanics of 
vibrations
28
,
15,16,29
 but to define some of the concepts relevant to the EVV 2DIR work 
of this thesis.  
 
2DIR is often said to be an optical analogue of 2D NMR
1,30
 This is because both 
techniques use multiple pulsed fields to probe the coupling of system eigenstates. In 
2DIR it is the coupling of vibrational modes that is probed. This section explores the 
concept of vibrational ‘mode’ and then discusses the two types of mechanisms that 
couple modes. The first is a property of the potential energy surface that the molecules 
move under and is known as mechanical anharmonicity. The second is a property of the 
molecule’s dipole moment interacting with an external field, known as electrical 
anharmonicity. As will be further elaborated on in this section, molecular dipole 
moments can be modulated by vibrational motions, allowing a field to induce 
transitions between vibrational states. For the case of infrared transitions the 
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molecule’s dipole moment is permanent and in the case of Raman transitions, the 
dipole moment is induced by an applied field.  
 
Figure 2-7 A schematic depiction of the potential energy curve for the displacement of a single chemical 
bond. 
 
Molecular vibrations correspond to motion of a molecule’s nuclei constrained by the 
chemical bonds connecting one atom to another. For a molecule with n atoms, there are 
in three dimensions 3n-6 different ways of displacing the nuclei. A displacement xi of a 
bond i (where i=1,..3n-6) from its equilibrium length (xi=0) gives a change in total 
potential energy V.  
 
The motions of electrons in molecules are in most cases much faster than those of the 
nuclei and can therefore be decoupled (known as the Born-Oppenheimer approximation 
15,16
). The potential energy V can then be interpreted as the energy of the molecule 
described by the molecular Hamiltonian for interaction of nuclei and electrons under 
fixed nuclear coordinates. If such a calculation is performed for a single isolated bond, 
the form of the potential energy surface, as depicted in Figure 2-7 comprises a short 
length repulsion, a minima known as the equilibrium position and a medium length 
attraction which goes to zero as the nuclei separate into their component atoms. We can 
V
bond displacement
x
x=0
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thus expand the potential energy of a nuclear displacement xi about the equilibrium 
position: 
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          Equation 2-55 
 
The first term of Equation 2-55 is constant and for the following arguments not 
important. The second term is zero around xi=0. For i=j the third term describes the 
curvature of the potential V. For i≠j, the second and higher terms describe how motion 
along xi changes the electron density governing the potential energy along xi. If the 
higher order terms are zero and the bond displacements independent (corresponding to 
all  i≠j terms equal to zero), the potential for each displacement xi is 
2
1
kxi
2
, where k is 
the second derivative of the potential V. This is known as the harmonic approximation. 
Quantum mechanically, the displacement xi is replaced by the position operator ixˆ . The 
solutions to the Schrodinger equation for a Hamiltonian containing a harmonic potential 
are particularly simple. The energy eigenvalues are En=(n+
2
1
) 0ωh . ω0  is equal 
to µk , where µ  reduced mass of the system and n is the quantum number. The 
spatial eigenfunctions are the Hermite polynomials.
15
  
 
The third order and higher order terms of Equation 2-55 describe the weakening of the 
bond for large displacements and are known as anharmonic terms. A Hamiltonian with 
Equation 2-55 as the potential is only exactly soluble in the harmonic limit when each 
bond displacement is independent of all others. In order to remove the cross terms i≠j, a 
set of coordinates { }iQ is sought, describing collective displacements of the nuclei, 
which incorporating the mass of each nuclei in the motion are defined such that each Qi 
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is independent of the others. If such a set of normal coordinates can be found, each 
coordinate describes the independent motion of a ‘particle’ in a potential V(Qi). The 
algebraic methods for defining the normal modes of an arbitrary molecule are well 
established 
29
 and the separation is only possible when the anharmonic terms of the 
potential energy surface are zero.  
 
For molecules in the ground vibrational state, the harmonic term of the potential energy 
surface is dominant and it is common practice to calculate the corresponding normal 
modes and use the resulting eigenfunctions as a complete basis set for further 
calculations. Exactly the same expansion as Equation 2-55 is applied for the normal 
modes, but here, position operators of the normal modes are used: 
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          Equation 2-56 
 
Recall that the normal modes are defined such that the i≠j terms of the second 
derivative are zero. In practical applications such as those presented in this thesis, the 
higher order terms can be treated as perturbations acting on harmonic oscillator basis 
states. The derivatives are calculated numerically using ab initio methods, finding the 
energy of a molecule in an equilibrium geometry, then systematically varying the 
coordinates { }iQ and recalculating the energy. The derivatives can then be obtained 
through numerical difference formulae.
31
  
 
In the harmonic limit the total vibrational wavefunction is a product of the 
wavefunctions of individual normal mode oscillators:
15
  
  )()......()(),....,( 2121 innni QQQQQQ φφφ=Ψ  
          Equation 2-57 
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φn(Qi) is the Hermite polynomial of the n th quantum state. The effect of the 
anharmonic terms of Equation 2-56 can be assessed using a simple formalism. To keep 
track of the occupation numbers of each mode we define the ket: 
    innn ,.....,, 21=Ψ  
          Equation 2-58 
 
Here, ni is the quantum state of the i th normal mode. Thus a fundamental of mode 2 is 
represented as 0,.....,1,0 . The second overtone is 0,.....,2,0  and a binary combination 
band with mode 1 is 0,.....,1,1 . It is noted that in Chapter 7, a slightly different 
terminology will be used where a fundamental of a mode ν2  is 2ν , its overtone is 
22ν  and its combination band with ν1  is 21 νν + .  
 
It is informative to define raising and lowering operators +ia and 
−
ia  such that action on 
Equation 2-58 creates and annihilates vibrational quanta in mode i: 
1,.....,,1,.....,, 2121 ++=
+
iiii nnnnnnna
 1,.....,,1,.....,, 2121 −−=
−
iiii nnnnnnna  
0,.....,0,00,.....,0,0 =−ia  
          Equation 2-59 
 
The third expression of Equation 2-59  shows that quanta cannot be removed from the 
ground state. This formalism is particularly useful in the harmonic oscillator 
approximation, as the raising and lowering operators can be related to the position 
operator:
15
 
    ( ) )(2ˆ 20 −+ += iii aaQ µωh  
          Equation 2-60 
 
With the normal coordinate operators defined in terms of raising and lowering 
operators, it is trivial to assess the action of the terms of the potential energy expansion 
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on the harmonic basis states. The effect of a third order anharmonic perturbation on a 
harmonic basis state is: 
     0,.....,0,0))()((0,.....,0,0ˆˆˆ
6
1 3 −+−+−+ +++∝
∂∂∂
∂
kkjjiikji
kji
aaaaaaQQQ
QQQ
V
    
= 1,0,0,.....,00,1,0,.....,00,0,1,.....,01,1,0,.....,00,1,1,.....,01,1,1,.....,0 +++++   
   0,0,0,.....0,01,0,1,.....0,0 ++  
          Equation 2-61 
 
Thus, a general third order term of the potential energy surface operating on a ground 
state ket state generates a superposition of different harmonic states. For perturbation  
V’  and unperturbed states Ini,mj,lk>
0
 , using first order time independent perturbation 
theory,
16
 approximate eigenstates of the anharmonic Hamiltonian can be constructed:  
 
0
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          Equation 2-62 
 
It is often the case in vibrational spectroscopy that an overtone or combination band is 
measured to be shifted in energy relative to the sum of energies of the fundamentals it 
comprises. This anharmonic shift δ is calculated through perturbation theory by 
summing the energy shifts of the fundamentals and the overtone or combination state. 
Through action of the ladder operators on the harmonic states, it is easily seen that the 
first order energy shifts of an anharmonic perturbation, (e.g 3
rd
 order 
00)1(
,,
,,,, kjikjikjilmn lmnQQQlmnE kji
= ) are zero for odd order anharmonicities and 
nonzero for even order anharmonicities. Thus, a calculation of δ involves the use of 
second order perturbation theory for the third order corrections.  
  ∑ −= K lmnK
kjikji
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kji
kji
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0000
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          Equation 2-63 
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Strictly speaking, the first order perturbation terms of the fourth order anharmonic 
shifts should be also applied,
28
 however such terms are much more time consuming to 
calculate in ab initio calculations. 
 
A phenomenon which is encountered in this thesis in the EVV 2DIR spectra of benzene 
and hexane is that of the Fermi Resonance.
15,16
 This is a case of accidental degeneracy 
between two vibrational states (usually a fundamental and an overtone or combination 
band) that happen to be coupled through anharmonic terms of the potential energy 
surface. For such a scenario, the states that mix as calculated from perturbation theory 
must be rediagonalised using the standard methods of degenerate perturbation theory. 
The anharmonic shift δ is augmented by a Fermi resonance energy shift EF, giving a 
total anharmonic energy shift ∆= δ+ EF. This will be further explored in Chapter 7, 
Section 7-6. 
 
Having established that anharmonicities of the potential energy surface require 
corrections to the normal mode picture, the action of the electric dipole operator 
),( . ˆ)(' rtEtH µ−= on vibrational states is assessed. Many vibrational motions 
modulate the dipole moment of a molecule. Thus, action of a field will modulate the 
internal coordinates describing the vibrational motions. The total dipole moment is a 
complicated but differentiable function of the normal mode coordinates{ }iQ : 
...........ˆˆ
2
1ˆ).....(
,..,,
2
01 +∂∂
∂
+
∂
∂
+= ∑ j
kji
i
ji
i
i
k QQ
QQ
Q
Q
QQ
µµ
µµ   
          Equation 2-64 
In a similar manner to the derivatives of the potential energy surface, the dipole 
derivatives are usually calculated using ab initio methods. For a dipole linear in 
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coordinate Qi, the infrared transition matrix element defined in Section 2-4 (Equation 
2-34) is: 
    iQ
Q
j i
i
ij
ˆ
∂
∂
=
µ
µ       
          Equation 2-65 
 
Prior to exploring Equation 2-65, a further type of vibrational transition must be 
defined. Infrared transitions correspond to nuclear polarisations. An optical field also 
polarises the electrons of a molecule, inducing a dipole moment µind. As described in 
Section 2-4, the polarisation at first order in field interaction is proportional to the field 
amplitude multiplied by the square of the electronic transition element µeg, where e is 
the lowest lying electronic excited state. This induced polarisation can be modulated by  
the internal coordinate motions. By convention, the polarisation (induced dipole 
moment) µind is defined as Eα,  the product of the applied field with the polarisability 
α.  In the same manner as for the dipole moment, the polarisability is expanded about 
the equilibrium displacements: 
...........ˆˆ
2
1ˆ.).....(.
,..,,
2
01 +∂∂
∂
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QQ
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Q
EQQE
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ααµ  
          Equation 2-66 
 
The induced dipole interacts with the driving field, causing transitions between 
vibrational states of the normal coordinates. This is the Raman effect and is described 
further in the next chapter. For an induced dipole modulation linear in coordinate Qi, 
the Raman transition matrix element is: 
    iQ
Q
j i
i
ij
ˆ
∂
∂
=
α
µ       
          Equation 2-67 
 
Thus, the two types of optical transitions defined (infrared transitions and Raman 
transitions) cause transitions between vibrational states through the normal mode 
Chapter 2. Multidimensional vibrational spectroscopy. Theoretical background                                                                                                       
   
 
 57 
coordinate operators iQˆ . The effect of an operator iQˆ  on a vibrational state composed 
of harmonic oscillator basis functions was described in terms of creation and 
annihilation operators in Equation 2-60. From this description it can be seen that the 
linear dipole term only permits transitions to energy levels of a single vibrational state 
with ±1 changes in vibrational quanta. For a purely harmonic potential and a first order 
response spectroscopy, only fundamentals would be observed in the vibrational 
spectrum. If the potential energy surface is anharmonic, the higher order derivatives 
acting as perturbations on the harmonic basis states mix the harmonic oscillator states, 
as shown in Equation 2-62. The dipole operator iQQ
ˆ
∂
∂µ acting on the anharmonic 
ground state can in principle generate anharmonic states corresponding to multiple 
vibrational quanta in the harmonic picture, i.e. overtones and combination bands.   
 
The higher order terms describing the dependence of the dipole moment on products of 
normal coordinates in Equation 2-64 permit overtone and combination band transitions, 
even in the absence of mechanical anharmonicity. Such coupling of normal modes 
through field mediated dipole transitions is known as electrical anharmonicity. There 
are actually few obvious ways to distinguish between mechanical and electrical 
anharmonicity in vibrational spectra.
28
 Electrical anharmonicity affects the vibrational 
states only when an external field is applied, whereas mechanical anharmonicity is an 
intrinsic property of the molecule. The shift δ in the vibrational energy levels of 
combination bands and overtones is therefore a hallmark of mechanical anharmonicity. 
Thus if a combination band has a very small δ value but reasonable transition strength, 
it is likely that electrical anharmonicity is the dominant contributor. This was found to 
be the case for some of the CH2 modes studied for this thesis.   
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Chapter 3. Multidimensional spectroscopy. 
Concepts and techniques 
This PhD thesis is fundamentally concerned with the development and interpretation of 
a new type of spectroscopy,
2
 referred to here as Electron-Vibration-Vibration Two 
Dimensional Infrared (EVV 2DIR) spectroscopy. EVV 2DIR, also known in the papers 
of Wright and co-workers as Doubly Vibrationally Enhanced Four Wave Mixing 
(DOVE-FWM) is part of a larger family of techniques known as coherent 
multidimensional vibrational spectroscopies.
1
 The aim of this chapter is to explain how 
EVV 2DIR works and discuss the field of 2DIR spectroscopy in general.  
3-1 Multidimensional vibrational spectroscopy 
For the purpose of this thesis, multidimensional vibrational spectroscopy is defined as 
any spectroscopic technique corresponding to a series of matter-field interactions where 
more than one excitation frequency interacts resonantly with a set of coupled 
vibrational modes in a material (see for example Figure 3-1). The interactions can occur 
either through infrared, Raman or electronic resonances and as described in Section 
2-5, each interaction increases the order of the nonlinear polarisation defined by 
Equation 2-52. A 2DIR spectrum can be measured from any spectroscopic process that 
contains a double vibrational resonance and can thus only be generated via processes 
of order higher than one. 2DIR is in many ways analogous to 2D NMR (2D Nuclear 
Magnetic Resonance)
1,3,30
 however due to the great differences between vibrational and 
nuclear spin manifolds and their polarisation relaxation times, this analogy will not be 
pursued here.   
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Figure 3-1 WMEL diagram examples of a series of resonant interactions of three laser pulses with 
vibrational states a and b. The induced polarisations at each order are shown as dashed lines. The 
processes of order 2 and 3 can be used for 2DIR spectroscopy. At order 2 a ba polarisation is induced by 
the second pulse. For resonant interactions this requires anharmonic coupling between state a and b. At 
third order, the b component of the second order coherence can be removed by pulse three (this step 
requires vibrational coupling) giving an ag polarisation which radiates a new field reporting on the 
vibrational coupling strength. 
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Figure 3-2 Schematic depiction of a 2DIR spectrum of overlapping modes a1, a2 and well separated 
modes b1 and b2. The cross peaks lying along the diagonal correspond to the linear (1D) spectrum, shown 
at the top of the figure. In the 2DIR spectrum, the off diagonal features clearly isolate a1 and a2, 
indicating that they are coupled to b1 and b2. 
 
One of the most important features of multidimensional infrared spectroscopy is that 
congested spectra are simplified through selection of only the eigenstates of the system 
that are related to one another through anharmonic coupling (see Section 2-6). For the 
g
a
b
1 2
t
3
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case of pulsed 2DIR spectroscopy, the vibrational states are mapped out using three 
dimensional contour plots which in effect ‘spread’ the spectrum into two dimensions. 
Figure 3-2 schematically demonstrates this for the case of two overlapping vibrational 
modes a1 and a2 which couple to well separated modes b1 and b2. It is noted here that 
besides simplifying the vibrational spectrum, important information not easily available 
from 1D spectra can be extracted from 2DIR spectra regarding vibrational couplings, 
structure, environment and dynamics.  
 
At the time of writing, 2DIR spectroscopy is still referred to as a ‘new’ field.
32
 Many of 
the basic EVV 2DIR observations on simple chemical systems presented in this thesis 
are novel and there is still a great deal of scope for further improvements in 
instrumentation and applicability. To give a more complete sense of the field of 2DIR 
spectroscopy, the historical context within which it has developed is briefly described.  
 
The first mention of the term ‘2D IR’ in direct analogy to 2D-NMR appeared in a paper 
by Noda.
33
 This work demonstrated how to extract ‘2D correlation spectra’ statistically 
from linear infrared and Raman spectra by applying external perturbations such as 
changes in temperature or pressure. This method was a convenient solution to the 
difficulties in generating the short infrared pulses required for analogues of 2D NMR 
and quickly gained considerable popularity in the field of analytical infrared 
spectroscopy.
34
 A major drawback of the 2D correlation IR approach over pulsed 2DIR 
techniques discussed in this thesis is that the measurement of the correlation between 
modes cannot be given a simple microscopic interpretation, nor can it be determined a 
priori whether the states highlighted by the cross peaks are coupled states or whether 
they just happen to respond in the same way to the perturbation.  
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Interestingly, research dedicated to pulsed multidimensional vibrational spectroscopy 
3,23,30,35
 began many years after the development of picosecond pulsed infrared laser 
systems
36,37
 and the first demonstrations of multi-dimensional nuclear magnetic 
resonance.
38
 Pulsed coherent electronic spectroscopy was better developed; Warren and 
Zewail had in the early 1980’s demonstrated the use of phase locked nanosecond visible 
pulse sequences designed in direct analogy to those of multi-pulse NMR and applied 
these sequences to electronic states of gas phase species.
39
 Some of the earliest 
pioneering condensed phase double resonance experiments for vibrational, vibronic and 
electronic states were by researchers such as Hochstrasser,
40,41
 Kaiser / Laubereau
42,43
 
and Wright.
44,45
 These studies did not use the term ‘multidimensional spectroscopy’, 
nor were the analogies with NMR explicitly discussed. There was in this work however 
a strong emphasis placed on spectral simplification and line narrowing (selection of 
homogeneous components from an inhomogeneously broadened resonance), both 
important concepts in 2DIR spectroscopy. 
 
Multidimensional vibrational spectroscopy started to take shape in 1985, when Loring 
and Mukamel proposed a pulse sequence for a 7
th
 order Raman echo technique, 
designed in an analogous way to multipulse NMR to report on vibrational couplings 
and give a two dimensional vibrational spectrum free from inhomogeneous 
broadening.
35
 Tanimura and Mukamel later proposed a more experimentally feasible 5
th
 
order 2D Raman spectroscopy
46
 however it proved to be a great challenge for 
experimentalists to actually measure a 5
th
 order 2D Raman spectrum! Nanosecond 
frequency domain research by Wright had demonstrated that the 5
th
 order signal was 
dominated by cascaded 3
rd
 order processes
47
 and despite a number of positive 
observations of femtosecond 2D Raman signals,
48,49
 it was eventually shown that the 
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cascading problem also dominated the time domain experiments.
50
 Experimentalists 
had to devise new ways of isolating the weak 5
th
 order signal and this was eventually 
achieved by Fleming and others by distinguishing the phase of the cascade signal from 
the 5
th
 order signal through the use of heterodyne detection.
51,52
  
 
The development of convenient solid state sub-picosecond mid infrared light sources in 
the mid-1990s allowed nonlinear processes involving infrared transitions to be used to 
generate multidimensional vibrational spectra. Hochstrasser and co-workers pioneered 
two important types of 2DIR methodologies based on the use of sub-picosecond 
infrared pulses. These were infrared 2D pump probe
53
 (also known as dynamic hole 
burning) and 2D heterodyne detected infrared photon echo (also known as pulsed 
Fourier transform 2DIR).
54
  
 
In tandem to the developments of 2DIR pump probe and photon echo spectroscopy, 
Wright and co-workers demonstrated a very different set of solutions to the problem of 
measuring 2DIR spectra. ‘Doubly Vibrationally Enhanced Four Wave Mixing’ 
(DOVE-FWM) employed picosecond pulses for the generation of two infrared 
polarisations and a visible ‘readout’ via a Raman scattering step.
2,3
 Later experiments 
replaced the Raman step with further infrared transitions, generating a number of 
different nonlinear processes selectable through phase matching and known as Triply 
Vibrationally Enhanced Four Wave Mixing (TRIVE-FWM).
55
  
 
The workings of DOVE-FWM spectroscopy are considered in depth in Sections 3-3 
and 3-4. 2DIR pump probe and photon echo methods are briefly described here. Both 
of these methods probe the third order response of a system. Whereas pump probe 
spectra are conventionally collected in the frequency domain, photon echo 2D spectra 
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are Fourier transformed from time domain measurements, with heterodyne detection 
resolving both the amplitude and phase of the signal electric field.  Pump probe 
experiments examine how an infrared pump generating a population of one mode 
affects the action of an infrared probe in generation of populations of other modes. 2D 
heterodyne detected photon echo experiments involve the generation and manipulation 
of vibrational coherences using three infrared pulses, which through a number of 
different coherence pathways generate free decay signals. Some of the pathways 
involve a step where the coherences are rephased by the second infrared pulse to 
remove the phase variations due to inhomogeneous broadening (see Section 3-4, Figure 
3-9). After a characteristic rephasing time, a third pulse acts to generate a polarisation 
that gives a free induction decay known as an echo signal.  
 
Figure 3-3 2DIR pump probe spectrum (a) and photon echo spectrum (b) of a dicarbonyl compound. The 
spectra can be considered as representative of that of any pair of coupled anharmonic oscillator systems. 
The energy level diagram labelling cross peaks is shown in (c). Excited state absorption is marked in red 
and stimulated emission is marked in purple. Note that diagram (c) is not a wave mixing energy level 
diagram, the arrows indicate generation of both excited state populations or coherences. This figure has 
been reproduced from Hamm et al, Journal of Chemical Physics.
56
 
 
It is informative to examine the pump probe and photon echo 2DIR spectra of Figure 
3-3, reproduced from Hamm et al, Journal of Chemical Physics.
56
 An obvious 
difference between pump probe (a) and photon echo (b) is that the inhomogeneous 
broadening of the cross peaks along the pump spectral axis is absent in the photon echo 
spectrum. Another important point to note is that both techniques give split cross peaks 
in the 2D spectra. The splitting is dictated by the vibrational mode anharmonicity δ 
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(defined in Section 2-6). The cross peaks correspond to unique coherence pathways (for 
the case of photon echo) and unique absorption / stimulated emission processes (for the 
case of pump probe). Due to destructive interference (photon echo) or absorption / 
stimulated emission cancelling one another (pump probe), the cross peaks disappear as 
the anharmonicity decreases to zero. This is schematically laid out in the energy 
diagram of Figure 3-3 (c). It is shown in this thesis that the equivalent cross peak 
splitting observed in DOVE-FWM can be ‘switched off’ by making alterations to the 
excitation pulse sequence. 
 
A final point to note is that each vibrational interaction in third order photon echo and 
pump probe corresponds to an ‘allowed’ vibrational transition, (a change of a single 
vibrational quantum). Thus, the 2D spectra of pump probe and photon echo are at the 
most basic level dependent solely on the energy level shifts brought about by the 
anharmonic shift δ, which breaks the degeneracy of optical processes that would 
otherwise cancel one another. Two quantum transitions can be probed with photon echo 
at fifth order in response.
57
 At third order however, 2DIR pump probe and photon echo 
methods are sensitive only to molecular systems showing mechanical anharmonicity. 
As will be described in Section 3-3, this is in contrast to DOVE-FWM, which probes 
anharmonicity through a ‘forbidden’ two quantum transition. Although the DOVE-
FWM signal is made weaker, single cross peaks can be isolated and as shown in this 
thesis for the case of the CH2 group, systems only exhibiting electrical anharmonicity 
can be probed.  
 
2DIR pump probe and photon echo have been applied to a range of chemical problems 
including chemical exchange,
58-61
 conformational dynamics,
62-64
 H-bond dynamics in 
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water systems
65-68
 and peptides,
69
 peptide structure,
70-73
 membrane peptides,
74
  DNA 
structure,
75
 protein structure/properties,
76,77
 molecular motor molecules.
78
 Whilst the 
2DIR pump probe and photon echo methods have enjoyed increasing popularity in the 
field of multidimensional vibrational spectroscopy, 2DIR DOVE and TRIVE-FWM 
were never demonstrated outside of the group of Wright and no observations of 2DIR 
DOVE-FWM were reported by Wright for systems other than CS2, acetonitrile and later 
crotonitrile.
3,5,79
  
 
The visible readout and relatively simple experimental methodology implied that 2DIR 
DOVE-FWM might be a useful and robust analytical technique. Investigations began 
into confirming whether or not this was the case. Palmer built a prototype experiment
74
 
capable of detecting the single DOVE-FWM cross peaks reported by Wright for CS2 
and acetonitrile. Attempts by Palmer
6
 and Donaldson
7
 to measure and interpret DOVE-
FWM signal from other sample types gave mixed results that could not be reproduced 
and were difficult to interpret as being due to vibrational features. The research of this 
PhD thesis solved these problems and presents the first clear observations and 
developments of 2DIR DOVE-FWM spectra beyond those reported by Wright. To 
attempt to capture the unique aspects of DOVE-FWM that distinguishes it from pump 
probe and photon echo (that being the Raman step), the technique was renamed EVV 
2DIR (electronic-vibrational-vibrational 2DIR) spectroscopy and it is this name that 
shall be used for the remainder of this thesis. 
 
3-2 One dimensional vibrational spectroscopic techniques 
Prior to describing EVV 2DIR, it is informative to briefly examine several one 
dimensional (1D) methods in the context of the theories of matter-field interactions 
Chapter 3. Multidimensional spectroscopy. Concepts and techniques                                  
   
 
 66 
described in Chapter 2, allowing concepts useful in considering EVV 2DIR to be 
introduced. Infrared absorption spectroscopy is the simplest of the 1D methods, 
described solely by the first order response shown in Figure 2-3. Perturbing molecular 
internal coordinates that have changes in dipole moment associated with them, a 
resonant infrared field passing through a collection of molecules generates excited 
vibrational populations. The driving field is attenuated and for a single resonant 
frequency field of intensity I0 propagating through a cell of pathlength L, the intensity 
change is:
29
 
0aLIdI −=    
aLeII −=⇒ 0    
          Equation 3-1 
 
a is a constant of proportionality. The molar absorbance, A is defined through the Beer-
Lambert law:  
0I
I
T =  LA
T
A ])[()
1
(log10 νε==    
          Equation 3-2 
 
[A] is concentration of chromophore and ε(ν) is the molar absorptivity. This law is true 
unless saturation of excited states occurs (hole burning). The square of the infrared 
transition dipole moment µga can be easily measured from absorption experiments as it 
is directly proportional to the area of the absorption spectrum peak.
15
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          Equation 3-3 
 
Equation 3-3 implies that the transition dipole of a molecular vibration is unaffected by 
environmental broadening mechanisms, i.e. the width of the peak varies but the area 
under the peak does not. This is a useful relation to bear in mind and can be generalised 
to cross peaks in 2D spectra.  
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Figure 3-4 WMEL diagrams for IR-Vis SFG, Ordinary/Stimulated Raman and CARS. 
 
It was described in Chapter 2 (Section 2-6, Equation 2-67) how a non resonant visible 
field can polarise a molecule and that if the resulting polarisation varies with an 
internal coordinate, a further field interaction can perturb that coordinate. Figure 3-4 
shows several examples of 1D spectroscopic techniques incorporating this effect. For 
simplicity, only systems starting in a ground state vibrational population are considered. 
 
For the case of the Raman effect, the non resonant electronic polarisation is generated 
by a pump field of frequency ωβ. If the electronic polarisation is modulated by some 
internal coordinate Qa, interaction with a second field ωα can remove the electronic 
component of the polarisation to give a ground state vibrational polarisation of the a 
state (Figure 3-4, marked as *). This process occurs resonantly when ωa=ωβ−ωα, giving 
a polarisation that radiates at second order in the infrared. A further interaction of this 
vibrational polarisation with the pump field gives a non resonant polarisation of the 
ground state vibrational excitation a with the excited electronic state. This third order 
polarisation (Figure 3-4, marked as **) radiates a visible frequency field ωα.  
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For the case of ordinary (spontaneous) Raman scattering, the second field interaction of 
frequency ωα (Figure 3-4, marked as *) is derived from the black body radiation field.14 
Thus the Raman signal comes from a discrete number of random ‘scattering events’ 
across a sample, radiating the inelastically scattered light into 4π steradians. There is no 
phase relationship between the fields from individual scatterers and the signal strength 
must be calculated using scattering cross sections,
14
 as opposed to the generation of 
directional signal from interaction of dipoles with a coherent field across a sample 
(described in Section 2-3). The resulting signal is proportional to the intensities of the 
individual scatterers (Imolecule) giving a signal linear in number density N, in contrast to 
coherent methods, where the signal is proportional to N
2
: 
moleculeRaman NII ∝               
2)( ∑∝
molecules
moleculeCoherent EI  
2NINE Coherent
molecules
molecule ∝⇒∝∑  
          Equation 3-4 
 
By adding a strong driving field at frequency ωα, the second step in the Raman process 
(Figure 3-4, marked as *) becomes coherent, giving rise to two possibilities; stimulated 
Raman spectroscopy (SRS) and Coherent Anti Stokes Raman Spectroscopy (CARS). 
The WMEL diagram for SRS is identical to that of ordinary Raman. The observable 
effect of the Raman process on the outgoing fields is then to increase the amplitude of 
the driving field ωα (Raman gain) at the expense of field ωβ. Through inspection of the 
Raman WMEL diagram, it can be seen that the phase mismatch of SRS is always equal 
to zero. For the case of CARS, instead of acting on the ground state component of the 
second order polarisation, the third field interaction acts on the vibrational component, 
giving a third order polarisation which oscillates at a new frequency ωγ=2ωβ−ωα 
(Figure 3-4). It is noted here that the cross sections of ordinary Raman, SRS and CARS 
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can be significantly enhanced if the ωβ driving field is tuned near to electronic 
resonances. 
 
An important practical difference between CARS and SRS is that the third order CARS 
signal is different to the driving fields and hence is easily isolated, free from the large 
shot noise of the driving field (see Sections 5-4 and 9-2). Figure 3-4 also includes a 
diagram for the second order 1D infrared/Raman technique known as IR Visible Sum 
Frequency Generation (IR-Visible SFG). Like CARS, the nonlinear output of IR-
Visible SFG is different in frequency to the driving fields. CARS and IR-Visible SFG 
are representative of many nonlinear processes where the nonlinear polarisation in 
absence of vibrational resonances is nonzero. This type of signal is purely based on 
electronic polarisations. For the case of the Raman WMEL diagram, when the 
oscillating components of the polarisations are integrated over the nonresonant 
response is zero. For nonlinear processes like CARS and IR-Visible SFG this is not the 
case and the nonresonant electronic signal of a sample, substrate or windows can often 
dominate the nonlinear signal of interest.  
3-3 EVV 2DIR Spectroscopy I. Frequency domain 
This section lays out the general principles of EVV 2DIR spectroscopy. As currently 
implemented, EVV 2DIR is a mixed frequency and time domain method, with 2DIR 
spectra recorded in the frequency domain. This section deals with the concepts behind 
frequency domain measurements of EVV 2DIR spectra. A detailed description of the 
time domain aspects of EVV 2DIR can be found in Section 3-4. 
 
EVV 2DIR spectroscopy is a four colour method using three excitation pulses, two 
pulse delays and several possible optical polarisation combinations. When defining 
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such a multi-parameter nonlinear spectroscopic technique, a general problem is that of 
what notation to use. In the previous papers of Wright and coworkers,
5
 subscripts 1, 2 
and 3 were used to define both the excitation pulse frequencies (ω1, ω2 and ω3) and 
interpulse delays (T12 and T23). ω2  was chosen to be the lowest frequency. This notation 
caused problems in many of the new experiments presented in this thesis due to 
confusion over pulse numbering and frequency numbering. 
 
An alternative nomenclature was developed for this thesis to describe EVV 2DIR, with 
general applicability to other nonlinear processes. Greek letter subscripts α, β, γ... label 
in order from lowest to highest the different optical frequencies ω. Numerals 1, 2, 3,.. 
label pulses in order of arrival at the sample. T12 is the delay between the first and 
second pulse and T23 is the delay between the second and third pulse, as shown in 
Figure 3-8. These delays are always positive. The frequency of each pulse must be 
noted for a given measurement. For EVV 2DIR spectroscopy, Eγ  is always pulse 3, so 
only one pulse needs to be defined, for example Eα = pulse 1. Here E denotes the field 
distribution of the pulse. For the system eigenstates, a and b label fundamental 
vibrational modes, c label combination bands and e label electronic excited states. Field 
polarisation is written in order from lowest frequency to highest, H for horizontal and V 
for vertical (e.g HHV for horizontal Eα / Eβ and vertically polarised Eγ  fields). 
 
A description of the EVV 2DIR scheme is as follows. Pulsed infrared fields Eα and Eβ 
are mixed with a visible field Eγ in the sample of interest, inducing a macroscopic 
nonlinear polarization which at third order in susceptibility χ(3) oscillates with 
frequency components ωδ =ωβ−ωβ+ωγ . Provided that the phase matching condition is 
satisfied, the nonlinear polarization can radiate a field Eδ from the sample with 
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frequency component ωδ. This nonlinear field is in effect upshifted further into the 
visible part of the spectrum relative to the infrared and visible excitation fields. The 
measured signal is therefore background free and because it is in the visible part of the 
spectrum, it can be detected with high efficiency.     
 
 
Figure 3-5 EVV 2DIR  WMEL diagrams
2
 and double sided Feynman diagrams. For this example, a and 
b are anharmonically coupled vibrational states. The different coherence pathways are labelled i) to iii). 
Note that the complex conjugates of these diagrams are equally valid. 
 
To obtain an EVV 2DIR spectrum, the frequencies of the infrared fields Eα and Eβ are 
scanned and changes in the nonlinear visible field Eδ detected in quadrature. The signal 
is plotted as the z axis of a 3D graph using ωα and ωβ as the x and y axes. 
 
In the regime of infrared-infrared-visible excitation, both electronic and vibrational 
polarisations contribute to χ(3). Wright and co-workers defined such processes under the 
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term Doubly Vibrationally Enhanced Four Wave Mixing (DOVE-FWM). Cho 
independently labelled these processes as IR-IR-Visible sum and difference generation 
(IIV SFG and DFG).
80,81
 As mentioned previously, an alternative name has been 
adopted for this thesis; Electron-Vibration-Vibration Two Dimensional Infrared 
spectroscopy (EVV 2DIR). 
 
Three coherence pathways can contribute to the generation of the EVV 2DIR signal 
field Eδ , here labelled i)-iii) .
21
 These are shown in WMEL and Feynman diagrams of 
Figure 3-5 and as described in the next section are partially selectable through 
excitation pulse ordering. The coherence pathways are: 
i) ρgg→ ρag → ρab → ρae → ρaa  + c.c 
ii) ρgg→ ρgb → ρab → ρae → ρaa + c.c 
iii) ρgg→ ρgb → ρga → ρge → ρgg+ c.c 
Pathways i) and ii) are also known as ‘DOVE-IR’ and pathway iii) is also known as 
‘DOVE-Raman’.
1
 For pathways i) and ii), a double vibrational resonance polarisation 
ρba between states a and b is induced by fields Eα and Eβ. In the same manner as for 
CARS (see previous section), the visible pulse then generates a third order polarisation 
of the ground vibrational state a and the nonresonant electronic state e, which then 
radiates the nonlinear signal of interest. Another way to interpret the visible step is to 
view the visible field as removing a quantum of mode b from the ρba polarisation to 
generate a population of a (ρaa) via a Raman step. This picture is true upon collapse of 
the nonlinear polarisation that radiates the field. The visible step of pathways i) and ii) 
therefore requires a and b to be coupled. The combination of infrared and Raman 
polarisations means that a must be infrared active and b must be both infrared and 
Raman active. 
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Coherence pathway iii) differs from pathways i) and ii) in several ways. After the 
creation of a ρgb coherence through interaction with the first infrared pulse (for pathway 
iii) this is Eβ), Eα drives a downwards infrared transition converting the b state ket (or 
bra) into a ρga coherence. This step requires vibrational coupling. The ρga coherence is 
then probed with the visible ‘Raman’ step to give the nonlinear output signal and a 
ground state coherence ρgg. It will be shown later in this section that the amplitude of 
pathway iii) is of the opposite sign compared with pathways i) and ii) and hence 
destructively interferes with them. 
 
A necessary feature of the EVV 2DIR processes is the need for a two quantum 
vibrational transition to drive the third order polarisation. As described in Section 3-1, 
alternative 2DIR methods such as photon echo and pump probe comprise only single 
vibrational quantum changes per field interaction, avoiding the weaker two quantum 
processes. For the case of a double resonance of two fundamental modes outlined here, 
the visible Raman step in pathways i) and ii) involves the simultaneous change of two 
vibrational quantum numbers, that is, ρba→ρaa which corresponds to 0110 → 1010  
in the notation defined in Section 2-6. Inspection of Figure 3-5 shows that the infrared 
interactions only change single vibrational quanta. For pathway iii), the situation is 
reversed. The Raman step only involves change of one vibrational quanta (ρga→ρgg) 
and the two quantum transition instead occurs through the second infrared interaction in 
the WMEL diagram.  
 
Figure 3-6 shows that if state b is replaced by a combination band c=a+b, the output 
frequency of the pathway iii) nonlinear signal involves the c and the b state, whereas 
for pathways i) and ii), the nonlinear signal involves the a and the c state. Here, a and c 
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must be infrared active and b Raman active. As discussed in Section 2-6, the frequency 
of a combination band ωc is shifted relative to its fundamental mode frequencies 
ωa+ ωb by an anharmonic term δ. Careful examination of the WMEL diagrams shows 
that the output frequency of pathway iii) is shifted relative to that of pathways i) and ii) 
by δ. In the case of δ=0 and each pathway having equal amplitude, attempts at isolating 
these pathways ii) and iii) through pulse ordering (see next Section) yield no signal 
because the pathways destructively interfere.
5
 It is shown in Chapters 6 and 7 that if the 
anharmonic shift δ is large enough, the pathways cease to overlap in the frequency 
domain and their signals can be observed. 
 
Figure 3-6 WMEL diagrams of EVV 2DIR pathways i)-iii) for the case of a double resonance between a 
state a and its combination band c=a+b. Pathways i) and ii) directly involve the a state, whereas pathway 
iii) involves the b state. Note that the complex conjugates of these diagrams are equally valid. 
 
For the case of EVV 2DIR spectroscopy of combination bands, the two quantum 
transition occurs for all three pathways solely through the infrared driven creation of 
the combination band polarisation. As will be shown in the results sections of this 
thesis, observations from a variety of different samples so far show that this mechanism 
is the sole contributor to cross peaks in EVV 2DIR spectra. Very little evidence of cross 
g
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b
c
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peaks from two fundamentals has been gathered, indicating that the two quantum 
Raman step required in pathways i) and ii) is much weaker than the equivalent two 
quantum infrared step. The most likely route to measuring EVV 2DIR from 
fundamentals is through more careful attempts at isolating pathway iii). Further 
discussions of EVV 2DIR focus exclusively on signal from a fundamental a and its 
combination band c. 
 
It is insightful to examine steady state expressions of the EVV 2DIR polarisations. 
Section 2-4 introduced a perturbative method for calculating the nonlinear polarisation 
associated with any given WMEL under steady state excitation and monochromatic 
fields. Using Equation 2-40 and Equation 2-46 
21
 gives:  
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          Equation 3-5 
 
These expressions for the EVV 2DIR polarisations are fourth order in transition dipole. 
The Rabi frequencies were previously defined in Section 2-4 as Ωij= h2Eijµ , where E 
is the driving field amplitude (here Eα, Eβ and Eγ). It is noted that sometimes the Rabi 
frequency is defined as hEijµ .
21
 The detuning factors define the resonant frequencies. 
Due to the polarisations being driven by the laser fields, each successive polarisation 
created after the first oscillates at the sum of eigenstate and driving field frequencies.  
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For each coherence pathway, the detuning factors are therefore:
21
 
i) ρgg      →      ρag     →         ρac            →        ρae   →    ρaa  
                 ∆ag
*
                 ∆ca                    ∆ce 
 (−ωa+ωα+iΓag)  (−ωa+ωc+ωα−ωβ−iΓca)  (ωe−ωa+ωα−ωβ−ωγ− iΓea) 
 
         ii) ρgg      →      ρgc     →         ρac            →        ρae   →    ρaa  
               ∆cg                 ∆ca                    ∆ce 
 (ωc−ωβ−iΓcg)  (ωc−ωa +ωα−ωβ−iΓca)  (ωe−ωa+ωα−ωβ−ωγ− iΓea) 
 
       iii) ρgg      →      ρgc     →         ρgb            →        ρge   →    ρgg  
  ∆cg                 ∆ag                    ∆eg 
 (ωc−ωβ−iΓcg)  (ωb+ωα−ωβ−iΓag)  (ωe+ωα−ωβ−ωγ− iΓeg)  
       
          Equation 3-6 
Equation 3-5 shows that pathways i) and ii) are opposite in sign. They do not cancel 
however as they also differ in detuning factors (∆ag* vs ∆cg). Inspection of the detuning 
factors of Equation 3-6 shows that on resonance, pathway i) also has a negative sign. 
Pathway iii) is positive in sign and therefore destructively interferes with pathways i) 
and ii).   
 
EVV 2DIR experiments have so far operated with a fixed frequency visible probe field 
Eγ. If ωγ is detuned far from the electronic excited state resonance frequency ωe the 
dependence of the polarisation on ∆eg and ∆ce can be neglected and the response of the 
EVV 2DIR polarisations in the frequency domain are then two dimensional Lorentzian 
functions of ωα and ωβ. As discussed in Section 2-3, the nonlinear field intensity is 
proportional to the square of the polarisation. The form of the intensities from each 
pathway as a function of ωα and ωβ  are shown in Figure 3-7 demonstrating that the 
measured signals of EVV 2DIR generated from continuous wave excitation have a 
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characteristic star shape with one axis of the star running parallel to ωβ (pathways i)) or 
ωα (pathways ii) and iii)) and the other running diagonal along ωβ−ωα. 
 
Figure 3-7 Contour plot showing the form of the EVV 2DIR signal intensity as a function of ωα and ωβ. 
for the case of continuous excitation fields interacting with a fundamental mode a and its combination 
band c 
 
An experimentally useful relationship is the dependence of the EVV 2DIR signal 
intensity Iδ as a function of the input intensities Iα, Iβ and Iγ . This is shown calculated 
under on resonance conditions for pathway i), derived using Equation 3-5, Equation 
2-24 and Equation 2-9: 
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         Equation 3-7 
 
The phase mismatch has been neglected here and F’=Fα Fβ Fγ.  Equation 3-7 shows 
that the EVV 2DIR signal intensity is linear in the intensity of each field. The signal 
size is quadratic in many of the parameters, making it relatively sensitive to their 
variation. For example, narrowing both of the infrared linewidths by a factor of three 
increases the nonlinear intensity by a factor of one hundred.   
 
Shown in Table 3-1 are parameters representative of the experimental conditions 
encountered for the work towards this thesis. The transition dipole values are for strong 
fundamental and combination band transitions. Calculation of Equation 3-7 using these 
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ω
β
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values gives output intensities of ~2.5 x 10
3 
W m
-2
, which for the one hundred micron 
excitation beam diameters and 1 picosecond pulses used in experimental work 
corresponds to ~500 photons per pulse. This rough calculation incorporates only one 
coherence pathway, uses a simplified description of the laser intensities and neglects 
phase matching. Using temporally overlapped pulses, typical signals observed 
experimentally from samples with strong resonances were indeed roughly 10
2
 photons 
per pulse. 
 
ωδ  
rad s
-1 
L /  
m 
Ilasers / 
Wm
-2
 
µag  
x10
-30
  
Cm 
µcg 
 x10
-30
  
Cm 
µeg 
 x10
-30
  
Cm 
Γinfrared 
rad s
-1 
∆vis  
 rad s
-1
 
N  
m
-3 
4 x 10
14 
10
-5 
10
14 
0.1 0.001 4 2x10
12
 7 x 10
15 
6x10
27 
 
Table 3-1 Typical experimental parameters for EVV 2DIR.  
 
The total nonlinear polarisation generated by fields Eα, Eβ and Eγ  in an EVV 2DIR 
experiment is the sum of all the possible polarisations that give the same frequency 
output field Eδ. This includes the terms where the vibrationally resonant interactions are 
replaced with non resonant electronic polarisations P
EEV
 (single vibrational resonance, 
also known as SIVE-FWM
1
) and P
EEE
 (no vibrational resonance, also known as the 
nonresonant background).  
∑∑∑ ++= EEEEEVEVVtotal PPPP  
         Equation 3-8 
 
The EEV (SIVE) processes can be identified in the WMEL diagrams of Figure 3-6 by 
replacing one of the two vibrational states of each coherence pathway with a ‘virtual’ 
electronic state. The EEV signal of pathway iii) obtained when the combination band 
state is replaced by a virtual electronic level is sometimes referred to as ‘CARS’.
5
 
These singly resonant and non resonant processes can be problematic, in some cases 
completely dominating the EVV signal. Methods for removing these signal components 
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using pulse delays are the subject of Sections 3-4 and 5-9, but it is mentioned here that 
the nonresonant signal can also be minimised by reducing the amount of substrate, 
window material or solvent in the excitation beams. 
   
The EEV and EEE source fields from Equation 3-8 can interfere with the EVV fields 
and for very congested 2DIR spectra, the different EVV signal components can also 
interfere, distorting the cross peak positions and lineshapes, resulting in the need to fit 
the data to the square of a sum of lineshapes, each with adjustable phase factors. In 
practice the EVV 2DIR spectra observed were sufficiently sparse that this was usually 
unnecessary unless precise splittings and relative amplitudes were required, as was the 
case in Chapter 7, Section 7-8.  
 
3-4 EVV 2DIR Spectroscopy II. Time domain  
The previous section developed a formulation of EVV 2DIR in the continuous field 
driven limit. This picture is useful for presenting the core workings of EVV 2DIR, but 
is not completely rigorous, as the experiments of this thesis use picosecond duration 
excitation pulses to generate the nonlinear polarisation. When the duration of pulses 
Eα, Eβ and Eγ are similar to or less than the vibrational dephasing times, it is necessary 
to use the time domain response function formalism described in Section 2-5. Under 
this regime, pulse sequences can be used with variable delays to select specific 
coherence pathways (see Figure 3-6), remove interfering non-resonant/singly resonant 
χ(3) signals and explore dynamical processes. This method of non resonant background 
suppression by use of pulse delays was first explored in 1980 by Sceats and Kamga for 
the case of CARS.
82
 Wright applied this method to clean up EVV 2DIR spectra of a 
single cross peak of CS2.
4,5
  In this thesis, new uses of pulse delays to control spectral 
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content are presented along with applications of time delay scans to extract lineshape 
and splitting information. This section presents a response function method to calculate 
the EVV polarisations in the short pulse limit and explores some of the consequences of 
performing EVV 2DIR in the frequency domain with short pulses.  
 
Figure 3-8 Depiction of EVV 2DIR pulse sequence. Pulse 4 is the nonlinear output signal. Pulse 3 is 
always Eγ (the visible pulse). Eα and Eβ are always pulses 1 or 2 and defined such that ωβ>ωα. If Eα is 
pulse 1, pathway i) is selected. If Eβ is pulse 1, pathways ii) and iii) are selected. 
 
Using the response function formalism developed in Section 2-5 for the limit of 
homogeneous broadening, R
(3)
(t3, t2, t1) can be written for EVV 2DIR pathways i) to iii) 
by inspecting the WMEL diagrams of Figure 3-6 and the coherence pathways of 
Equation 3-6:   
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         Equation 3-9 
 
The third order polarisation of each pathway is calculated by integrating over the 
dummy variables t1, t2 and t3 (see Section 2-5) and choosing each interaction to be with 
one of the three EVV 2DIR excitation fields Eα, Eβ and Eβ, with interpulse delays T12 
and T23. Because the dummy variables are conventionally numbered backwards in time, 
321
4
T23T12
Sample t
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to avoid confusion with the pulse ordering and delays defined in Figure 3-8, for 
calculating the polarisation, the delays T12 and T23 are substituted with τ and τ’: 
)',()',(
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        Equation 3-10 
 
When the frequency ωγ of the visible field Eγ is far from the electronic excited state 
resonance ωe , as described in Section 2-5 and depicted in Figure 3-8, the non-
electronically resonant Raman polarisation follows the field envelope of Eγ. The 
t1 integral can be removed and the oscillating component of the polarisation 
ti
e
)( γαβ ωωω +−±  dropped. Dropping the field’s spatial dependence, expressing each field 
as the product of an envelope and a carrier, A(t)e
iωt
 and identifying the polarisability as
5
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Equation 3-11  
 
The signal intensity radiated by the polarisation is proportional to the square of the 
polarisation and given by Equation 2-9 and Equation 2-25. Taking into account the 
different dummy variables and differences in notation, these expressions are formally 
identical to those presented by Wright and co-workers.
5
 Simulations of EVV 2DIR 
cross peaks using Gaussian field envelopes ( Equation 4-4) and comparisons with 
experimental data will be presented in Chapter 7. It is noted here that these equations 
were observed to reproduce the Lorentzian star shaped cross peaks at zero pulse delay, 
characteristic of driven polarisations and give more rounded features as the pulse delays 
are increased (Figure 7-9). The cross peaks are also found to be broadened by the 
frequency bandwidth of the excitation pulses used.  
 
For the excitation pulse sequence of Figure 3-6, when T12=T23=0, all three pathways can 
occur simultaneously. A large electronic nonresonant signal is also frequently 
generated, which interferes with and obscures the vibrational double resonance signal 
of interest. As was previously described (Sections 2-5 and 3-2), the nonresonant 
background only exists whilst the excitation field pulse envelopes are nonzero. If the 
coherence generated by Eα is long lived, pathway i) can be isolated from ii)/iii), SIVE-
FWM and the nonresonant background by using Eα as pulse 1 and introducing finite 
delays T12 and T23 between the pulses. Similarly, pathways ii) and iii) are selected when 
Eβ is pulse 1.  
 
Chapter 3. Multidimensional spectroscopy. Concepts and techniques                                  
   
 
 83 
When cross peak widths and splittings of the cross peaks of interest are narrower than 
the laser bandwidths, their free induction decay time can be recovered using time 
domain measurements. This is achieved by monitoring the nonlinear intensity and 
scanning either T12 or T23 for fixed ωα and ωβ frequency. The coherence decay Γ is half 
that observed from the intensity measurement of the signal decay and assuming a 
Lorentzian lineshape describes a response with full width at half-height FWHH= 
π/ cΓ . Such decays are demonstrated for a number of analytes in Chapters 6 and 7. 
 
If two or more narrow vibrational features lie within the excitation pulsewidths in an 
EVV 2DIR spectrum, the total polarisation is a coherent sum of the contributions from 
each feature: 
∑=
a
a tPtP ),,(),,( βαβα ωωωω  
         Equation 3-12 
 
As described in Section 2-5, the generation of a coherence from a laser pulse follows 
two stages, driven oscillation and free decay. During the driven oscillation phase, the 
vibrational motions are forced to follow the frequency distribution of the excitation 
pulse and during the free induction decay period the vibrational motions oscillate at 
their natural frequencies. If the separation between two vibrational features is ∆ω, and 
both are equally excited by the excitation laser pulses, in the free decay limit the fields 
radiated by each polarisation will interfere with one another and the total amplitude of 
the signal will oscillate in time at the beat frequency ∆ω. This so called quantum 
beating is a universal phenomenon in coherent spectroscopy
14
 and is used in EVV 
2DIR applications of this thesis to extract the splittings of bands too narrowly separated 
to be resolved in the frequency domain.  
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The limit of a continuous distribution of modes falling under the excitation bandwidth 
is the situation encountered in the case of inhomogeneous line broadening. It is 
important to consider the effect of inhomogeneous broadening on EVV 2DIR pathway 
selection and non resonant signal suppression through time ordered pulses, as 
inhomogeneous broadening places constraints on the pathway selection and T2 decay 
time measurements of EVV 2DIR. Although not previously discussed in the literature 
of EVV 2DIR, the arguments presented in this section were established from early 
coherent picosecond Raman studies.
83
 
 
For a homogeneously broadened transition, there is only one vibrational frequency and 
the free decay of the coherence follows an exponential decay with a time constant T2 
that is inversely proportional to the natural linewidth of the vibration. For 
inhomogeneously broadened transitions, the free induction decay field contains a 
continuous distribution of frequency components which destructively interfere with one 
another during the free decay process. This type of interference between a continuous 
distribution of field frequencies is precisely the same effect which gives rise to mode 
locked short pulses, described in Section 4-3. In the case of photon echo, this 
interference can be removed by an interaction step that reverses the phase of the 
coherence evolution. If however on the measurement timescale the inhomogeneities are 
not static (spectral diffusion), the inhomogeneity cannot be removed. 
 
The timescale over which the destructive interference causes the coherence to disappear 
is simply the reciprocal of the inhomogeneous bandwidth excited by the laser pulse, 
∆ν −1.83 This is illustrated for Gaussian excitation profiles in Figure 3-9. The coherence 
decay will thus comprise contributions from both the homogeneous (T2) and 
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inhomogeneous (∆ν−1) decay times. As shown by Loring and Mukamel,35 the 
linewidths extractable from the measurement of a single inhomogeneously broadened 
coherence free induction decay are in many cases identical to that of 1D techniques. 
This effect caused confusion in the original coherent Raman experiments of Kaiser et al 
as researchers originally believed that coherent time domain measurements could 
measure homogeneous linewidths from inhomogeneous distributions.
42
 If the 
inhomogeneity is small relative to the laser pulsewidth but larger than the homogeneous 
width, nonexponential dephasing occurs.
84
 This can be seen for coherence lifetime 
measurements of toluene in Figure 6-17 and cyclooctane in Chapter 8. 
 
Figure 3-9 The relationship between the excited bandwidth of a radiating polarisation and the temporal 
variation of the free decay. 
 
Many of the advantages of EVV 2DIR demonstrated in this thesis derive from the fact 
that through the use of time ordered pulses, non resonant signals can be suppressed and 
single coherence pathways selected. If a vibrational transition of interest is 
inhomogeneously broadened with a frequency bandwidth the same or greater than that 
of the laser excitation pulses, its coherence decay will follow the decay of the excitation 
pulses, rendering the signal unmeasurable for pulses that are not temporally overlapped. 
In this situation, time spaced pulses will not provide any selection of EVV 2DIR signal 
pathways or suppression of the nonresonant background. Although limiting pulsed 
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EVV 2DIR studies to features narrower than the bandwidth of the excitation pulses, 
this effect does have some advantages for spectral decongestion because increasing T12 
and T23 delays will retain only the narrower vibrational bands, as shown in Figure 3-10.        
 
 
Figure 3-10 Schematic depiction of the removal of a broad inhomogeneous cross peak from an EVV 
2DIR spectrum through the use of pulse delays. When T12 > 0, only the narrow cross peaks remain. 
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Figure 3-11 Illustration of how laser pulses of different duration (red dotted lines) excite a typical 
vibrational spectrum. Compared with the 100 fs pulse, the 1 ps pulse is more selective, clearly only 
exciting one vibrational feature.  
 
The importance of pathway selection through pulse ordering and the limitations of this 
method for broad vibrational features mean that finding optimal pulsewidths for EVV 
2DIR experiments is an important issue. Current EVV 2DIR experiments rely on the 
fact that pulses of ~1-1.5 ps FWHM are short enough to make pulse ordering effective 
for many common vibrational modes which are less than ~20 cm
-1
 in width. The 15-20 
cm
-1
 width of the excitation pulses allow the signal to be mapped in the frequency 
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domain with the simplest of possible experimental arrangements. If femtosecond pulses 
are used in the same manner, many vibrational modes are excited at once (Figure 3-11) 
and unless a more sophisticated experimental arrangement or data recovery method 
than that used in this thesis is devised, cross peaks in the 2DIR spectrum which lie 
within the excitation pulse bandwidths are unresolvable.  
 
As shown in Chapter 6, the cross peak splittings can be recovered as quantum beats in 
the time domain, but this measurement only gives frequency splittings. Heterodyne 
measurements of the carrier frequencies are necessary to determine the absolute cross 
peak frequencies in the time domain. Heterodyne measurements of a four colour 
experiment such as EVV 2DIR would add a large degree of complexity to the 
spectroscopic apparatus and data analysis, so several alternative femtosecond EVV 
2DIR experiments avoiding heterodyne detection are proposed in Chapter 10.   
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Figure 3-12 Simulations comparing resonant femtosecond and picosecond generation of a polarisation. 
Shown in (a) is the envelope of a 100 fs Gaussian pulse (red, normalised to 1) and the intensity (black) 
generated from the pulse interacting with a state with a resonance at 1500 cm
-1
 and FWHM of 5 cm
-1
. In 
(b) is the same situation for a 1 ps Gaussian pulse (red, normalised to 1). The integral of the intensity in 
(a) is ~50% larger than the integral of the intensity of (b). The intensities were calculated from the square 
of Equation 2-54, numerically integrated using Mathematica.  
 
Another important consideration is how the signal size depends on pulse width. 
If a femtosecond pulse is dispersed onto an array detector, the frequency domain 
spectrum of the pulse has a lower peak intensity compared with that of a picosecond 
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pulse for the same pulse energy. Due to carrying less energy per unit bandwidth in this 
measurement, it is tempting to deduce from Figure 3-11 that for a narrow resonance, 
the femtosecond pulse will give a smaller polarisation compared with an equivalent 
energy picosecond pulse. This idea is however incorrect for pulses with duration 
shorter than the system dephasing time. In this limit, the shorter the pulse, the less the 
effect of dephasing whilst the polarisation is being generated. 
 
Figure 3-12 shows calculations for resonant excitation of a coherence at 1500 cm
-1
, 
with a linewidth of 5 cm
-1
 (corresponding to T2~2 ps). Compared are the effects of 
using 100 fs and 1 ps Gaussian excitation pulses, normalised to give the same pulse 
energy. For the case of the 100 fs excitation, the peak intensity and integrated intensity 
of the polarisation is 50% higher than with 1 ps excitation. For a 20 cm
-1
 vibrational 
linewidth, the difference is 300%. Because signal goes as the square of the product of 
polarisation size, for most liquid phase vibrational modes, femtosecond pulses will 
therefore generate a much stronger nonlinear signal from typical vibrational coherences 
than picosecond pulses for the same pulse energy. Combined with the multiplex 
advantage, this would make femtosecond EVV 2DIR a highly effective configuration 
for 2DIR spectroscopy.
Chapter 4. Ultra-fast laser technology for 2DIR                                                                
   
 
 89 
 
Chapter 4. Ultra-fast laser technology for 
2DIR 
The development of laser systems that give access to picosecond and femtosecond 
optical pulses tuneable across the infrared part of the electromagnetic spectrum is what 
has enabled doubly vibrationally enhanced 2DIR four wave mixing spectroscopy and 
other forms of 2DIR to be experimentally realised. As such, these laser systems and 
their operation are at the heart of a 2DIR experiment.  
 
This chapter introduces some basic concepts of short pulse optics and presents an 
overview of short pulse laser technology. When short pulse lasers are used as research 
tools, a good level of understanding of the technology and physics is advantageous. 
Technological developments may give enabling increases in performance or offer new 
solutions to old problems. Not yet ‘black box’ affairs, a picosecond tuneable infrared 
laser system requires the user to have a good knowledge of its workings. A varied 
number of internal adjustments are part of the operational routine. There is also a close 
relationship between the technology inside the laser systems and the technology on the 
optical bench generating spectroscopic signals, so an enhanced understanding of one is 
beneficial for development of the other.  
 
Laser pulses useful for 2DIR spectroscopy need to be short (< 2 ps), have > µJ energies 
per pulse, high repetition rates and be tuneable over the infrared part of the 
electromagnetic spectrum (~2-20 µm). There is currently no one laser ‘box’ that can 
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achieve this. Instead, a number of laser devices are used together in a fairly standard 
configuration. Pump lasers supply the ‘raw’ optical power. Oscillators use the power to 
generate a train of short pulses and amplifiers use the pump power to perform the 
delicate operation of boosting the pulse intensity from the oscillator. Parametric 
amplifiers then convert fixed frequency pulses to tuneable pulses which are mixed 
nonlinearly to give infrared fields. Each component is discussed in this Chapter. 
4-1 Properties of short pulses 
This section gives a brief introduction to some properties of sub nanosecond laser 
pulses that will be referred to throughout this thesis. It is organised into sub-sections 
concerning the following; 1) Short optical pulse peak intensities, 2) A basic 
mathematical description of short pulses, 3) Short pulse propagation through dispersive 
media, 4) Measurement and characterisation of short optical pulses and 5) Material 
damage considerations.  
 
1) Short optical pulse peak intensities 
When viewed on a femtosecond timescale, a continuous wave (CW) laser source 
actually comprises short bursts of field. What distinguishes a pulsed laser from a CW 
laser is that for the same average power, all of the energy in a pulsed laser is 
compressed into periodic pulses whereas the bursts of field intensity in CW lasers occur 
continuously. Consider a 1 mW 600 nm light source (~10
15
 photons s
-1
). Focussed to a 
waist of 100 µm, the intensity would be 1.5 W cm-2. If the light source was a 1 KHz 
OPA with 1 ps pulse width, like the type used in the research for this PhD thesis, the 
pulse energy would be only 1 µJ but the peak intensity would be ~1.5 x 108 W cm-2 (~4 
x 10
7
 V m
-1
), a value strong enough to non resonantly distort the electron clouds in 
matter and therefore produce nonlinear optical effects and even ionisation, as described 
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in Chapter 2. Modern ultra short pulse systems can produce pulses of 1 J in energy a 
few tens of femtoseconds in duration. Upon focussing, such pulses give peak intensities 
exceeding 10
20
 W cm
-2
, greater than that achievable by focussing the entire solar output 
falling on earth onto a pinhead.
85
  
 
2) A basic mathematical description of short pulses 
Short optical pulses are described by time and space varying electric fields. The high 
photon numbers from most short pulse laser devices mean that these fields are 
adequately described by Maxwell’s equations, with descriptions in the time domain and 
frequency domain equally valid and related to one another by Fourier transforms: 
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In the time domain, a pulsed field propagating in one dimension along the z axis can be 
described in the most general sense by a wave of centre frequency ω0 modulated by a 
field envelope A(t,r): 
).(
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          Equation 4-2 
 
The envelope can be decomposed into a spatial part, A(r) and a temporal part, A(t). 
Further discussion centres on the time variation of the field. A(t) contains information 
about the field’s amplitude C(t) and phase φ(t): 
)()( )( tietCtA φ=  and )()(* )(* tietCtA φ−=  
          Equation 4-3 
The frequency domain amplitude C(ω) and phase φ(ω) are obtained through the Fourier 
transform of Equation 4-2.  
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For analytical convenience the field amplitudes from short pulse devices are often 
approximated as a Gaussian with width τG: 
    
2)/(
0 )(
GteCtC
τ−=  
          Equation 4-4 
 
In practice, the output of ultrafast laser devices can give a variety of pulse shapes, both 
symmetric and asymmetric. Propagation through active and passive optical elements 
can further shape such pulses. A rigorous presentation can be found in Diels and 
Rudolph.
86
 Some alternative pulse shapes for 2DIR are presented in Chapter 10.  
 
φ(t) is often referred to as a ‘frequency modulation’, ‘chirp’ and ‘phase sweep’ term. 
The effect can be viewed as making the carrier frequency time dependent:
86
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         Equation 4-5 
 
dφ / dt = constant indicates a frequency shift of the carrier and dφ / dt = f(t) means that 
the pulse is chirped. A linear frequency chirp thus occurs when the phase varies as a 
quadratic function of time. The sign of d
2φ / dt2 determines whether the frequency 
increases (>0) or decreases (<0) along the pulse.
86
 It is equally valid to assess the phase 
change of a pulse as a function of frequency dφ / dω and again, dφ / dω = f(ω) means 
that the pulse is chirped. This is explored in greater detail in this section when the 
effects of dispersion are treated.  
 
It is noted here that when a pulse has no chirp, it is said to be transform limited, 
meaning that the pulse duration ∆t and frequency bandwidth ∆ω are limited by their 
interdependence as Fourier transform pairs. For such pairs there is a minimum duration-
bandwidth product which sets the limit on pulsewidth and bandwidth:
86
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   Bc 2 πω ≥∆∆ t   
          Equation 4-6 
 
Here, cB is a constant that depends on the pulse shape and the manner in which ∆t 
and ∆ω are defined. A common convention followed in this thesis is to define widths 
∆ω and ∆t to be that of the intensity of the pulse. As noted previously, pulses are often 
approximated to be Gaussian in form. The full width at half maximum (FWHM) of the 
intensity is the common measure of the pulsewidth ∆t: 
  G
ttt teeeI G ττ 17.1~
222 )/ t17.1()/ 2ln2()/ t( =∆⇒== ∆−∆−−  
       
          Equation 4-7 
 
It is noted here that the intensity FWHM is smaller than the field FWHM by 2 .   
It is useful to use the following formulae to calculate the widths of transform limited 
Gaussian pulses for ω in cm-1 (calculated using cB=0.441 86):  
∆t ×∆ω = 14.7 cm−1 ps 
Thus, a 1 ps transform limited pulse has a FWHM of 14.7 cm
-1
. When a pulse is not 
transform limited (i.e. is chirped), the frequency width is wider for a given pulse 
duration. The OPA800CP devices used to generate pulses for 2DIR spectroscopy in this 
thesis were measured to be ~1-1.5 ps FWHM with Gaussian-like spectral bandwidths in 
the infrared measuring ~20-25 cm
-1
. These pulses were therefore not transform limited.   
 
3) Short optical pulse propagation through dispersive media 
Variation of the refractive index of optical materials with frequency causes familiar 
effects such as prism dispersion of light and rainbow formation. The effect of the 
refractive index of a material is to introduce a phase shift to the light. This is treated 
quantitatively for a pulse by considering how the phase shift φ varies with frequency ω 
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about the centre frequency of the pulse ω0. The extra phase evolved by a wave 
travelling length l in a medium of refractive index n is given by:
87
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          Equation 4-8 
 
For small variations of ω, the changes for common optical materials such as glass or 
sapphire are not large and it is informative to expand φ(ω) about ω0 :88 
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          Equation 4-9 
The first term of the expansion in Equation 4-9 describes the phase at ω0  (the pulse 
centre frequency), the second describes a linear variation of evolved phase with 
frequency across the pulse, which is of course the same as considering optical cycles of 
different frequencies. Examination of Equation 4-8 indicates that for this term, n is 
constant across the pulsewidth, hence describing a group delay (GD). This is the most 
common effect observable with picosecond pulses. A 1 mm thick piece of glass (n~1.5) 
will retard a pulse by ~ 1.5 ps. The third term describes a phase change that is quadratic 
in frequency shift. When normally dispersive, Equation 4-8 indicates that the refractive 
index of a material exhibits a positive value for d
2φ /dω2, meaning that the blue side of 
the pulse experiences a greater phase shift relative to the red side, producing a greater 
delay and a positive chirped pulse. Such linear chirp is known as Group Velocity 
Dispersion (GVD). Higher order terms are labelled third order dispersion (TOD), fourth 
order dispersion (FOD) etc.  
 
For optical materials with minimal dispersion such as borosilicate glass, the effect of 
GVD on pulses  propagating through 1 cm of material is negligible for pulses greater 
than ~75 fs duration.
88
 A 35 fs pulse under these conditions would however be 
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broadened to 40-50 fs. For longer pathlengths of material, the broadening increases. For 
example a 75 fs pulse travelling through 25 cm of material would exit with a 400 fs 
pulse duration. For the dispersions in the infrared caused by vibrational transitions, 
even picosecond pulses will experience chirp and broadening. For example in Section 
5-11 the broadening of a 1.0 ps infrared pulse propagating through 100 µm of benzene 
and resonant with the ring breathing mode was estimated to be ~100 fs.  
 
4) Measurement and characterisation of short optical pulses 
Precision measurements on the time variation of conventional light sources are 
generally carried out using detectors such as photodiodes, photomultipliers, pyroelectric 
joulemeters and thermopile detectors. At best, responses are ~50-100 ps for 
photomultipliers and photodiodes and by use of streak camera techniques, ~1 ps 
resolution can be obtained.
89
 These methods are not sufficient for accurately 
characterising picosecond/femtosecond laser pulses and events and the laser pulses 
used for work in this thesis were instead characterised using intensity auto and cross 
correlation methods.  
 
A pulse autocorrelator is a device that splits a pulse using a beamsplitter and then with 
an adjustable delay T12 between the two pulses recombines them in a nonlinear crystal 
to give second harmonic generation (SHG). The SHG signal (Aauto) is proportional to 
the product of the field intensities and their temporal overlap:
86
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         Equation 4-10 
 
a is a constant. Recording Aauto as a function of T12 gives information about the pulse 
duration. Aauto(T12) is related to the product of two identical pulses, thus asymmetric 
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pulses give symmetric Aauto(T12) forms. Information is lost in an intensity 
autocorrelation and the precise shape of the pulse cannot be readily inferred from an 
autocorrelation measurement. The intensity autocorrelation is usually used to quote a 
pulse duration and for the Gaussian pulse approximation, the FWHM of an intensity 
autocorrelation is 1.414 times the FWHM of the Gaussian pulse intensity.
86
  
 
A type of pulse shape measurement known as a cross correlation was frequently used 
to characterise the infrared pulses for work towards this thesis. Here, infrared pulses 
with an adjustable delay T12 were mixed with visible pulses in a nonlinear material and 
the sum frequency signal monitored as a function of the delay. If the visible and 
infrared pulses are of similar durations then the cross correlation FWHM is 1.414 times 
the intensity FWHM (the same as for an autocorrelation). Four wave mixing cross 
correlations (two infrared fields α, β and a visible field γ) were also frequently 
employed. For zero delay between two of the pulses and an adjustable delay for the 
other, the FWM cross correlation is (for the case of field α):  
dttItITtIaTAauto )()()()( 1212 γβα∫
∞
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+=  
          Equation 4-11 
 
Numerical integration of Equation 4-11 for Gaussian pulses of equal width showed that 
the four wave mixing autocorrelation FWHM is 1.23 times larger than the intensity 
FWHM. For the OPA / chirped pulse amplification system, the assumption that the 
pulse widths are all equal is not realistic, as the OPG/DFM process can change the 
bandwidth of the pulse compared with the direct chirped pulse amplifier output, so in 
practice this type of measurement gives an averaging of the widths. 
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5) Material damage considerations 
Many nonlinear spectroscopic processes of interest exhibit signal sizes that are 
dependent on the incident laser intensity. By ramping up the intensities, higher signals 
can be observed, with a limit reached when the incident fields damage the sample. As 
mentioned previously, decreasing the temporal width of a pulse at constant pulse 
energy raises the peak intensity, increasing the cross section for nonlinear processes and 
also ionisation. For dielectric samples ranging from polished glass to biological 
materials,
90,91
 the damage threshold decreases with decreasing pulse duration, ranging 
from hundreds of millijoules per cm
2
 for nanosecond pulses to a few millijoules per 
cm
2
 for sub picosecond pulses.  
 
For pulses longer than ~20 picoseconds, the dielectric damage mechanism can be 
explained by the transfer of the energy from the electrons polarised by the incident field 
to the lattice vibrations. At pulse energy densities above the damage threshold, the 
irradiated material melts. In this regime, the damage threshold scales with pulse 
duration as ~∆t1/2. Below ~20 picoseconds (ultrashort pulse regime), the damage 
threshold decreases more slowly with decreasing ∆t because the lattice motions are 
slow compared with the pulse duration. The damage instead occurs through 
multiphoton ionisation and subsequent plasma formation. A major difference between 
these two damage regimes is that due to the nonlinear nature of the ultrashort pulse 
damage mechanisms, the damage area of the sample is much smaller than in the long 
pulse regime.
90
   
 
Damage thresholds also depend on a large number of parameters such as the temporal 
and spatial shapes of the excitation pulses,
92
 the laser wavelength and the sample 
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surface roughness.
90
 In principle, the damage threshold should increase as the 
wavelength is increased, however when infrared pulses resonant with vibrational modes 
of the sample are used, damage thresholds (in this case thresholds for ablation) can 
decrease to levels comparable to those of non resonant visible pulses.
93,94
 
 
4-2 Pump lasers 
The term ‘pump laser’ refers to any laser that is being used to supply energy to the gain 
medium of another laser. Common examples include the use of argon ion lasers to 
excite the fluorescence in a dye laser and the use of laser diodes to pump the 
neodymium vanadate gain media in laser pointers. As the active part of a laser system, 
the pump laser will consume the most electricity and usually generate the most heat. It 
is also usually a critical component whose performance and stability affects all other 
laser components in the system. Of key importance when pumping oscillators and 
amplifiers is not the pump’s power but its ‘brightness’:  
22
yxMM
P
B =     Equation 4-12 
 
P is the power and M denotes the quality factors of the beam along the x and y 
directions. A well configured laser system will operate on a single mode with M
2 
value 
as close to one as possible, one describing a perfect Gaussian spatial distribution. If the 
power of the pump beam is distributed across many spatial modes (M
2
>1) its peak 
intensity is lower. For pumping other devices, unless the pump and the device operate 
on modes with M
2
 close to one, the pump’s energy cannot be efficiently transferred to 
the laser devices. This is known as a poor mode match.  
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Over the last ten years a transition from gas lasers to diode pumped solid state lasers 
has taken place for high power/short pulse applications, especially in the field of 
ultrafast spectroscopy. Gas lasers for pumping applications require both special high 
power high voltage supplies on three phase power lines, and water cooling systems 
capable of dissipating many kW of heat. On the contrary, solid state pump lasers can be 
operated using mains supplies and generate amounts of heat that can be easily 
dissipated using modest sized chiller units. They are also in general more reliable than 
gas lasers. What has enabled the proliferation of solid state pump lasers is the 
availability of powerful laser diodes which can be stacked together to give many watts 
of pumping power at selected wavelengths across the near IR. Such laser diodes have 
very poor spatial quality beams, however methods have been developed to very 
effectively pump near IR lasing crystals such as Nd:YAG, Nd;YLF and Nd:YVO4.   
 
Neodymium doped laser media are by far the most common choice for a variety of 
pumping applications. The dopant present in laser media as the trivalent ion Nd
3+
, 
usually pumped on the 
4
I9/2 → 
4
F5/2 transition (at 808 nm for Nd:YAG) and can be 
made to lase on several transitions, the strongest being 
4
F3/2 → 
4
I11/2 (at 1064 nm for 
Nd:YAG). The F state lifetimes are long, measured in microseconds. Therefore it is 
very common to pump such gain media and not allow stimulated emission to 
commence, building up a high energy density which is released as a massive pulse 
when the cavity is finally allowed to lase (a process known as ‘Q’ switching).   
 
The choice of host material for the neodymium depends on the application. Yttrium 
Aluminium Garnett (YAG) is a common choice for ‘Q’ switched pulsed lasers, 
however when diode pumped and operating with multiwatt output powers, the high 
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thermal load on the crystal causes stress induced birefringence and thermal lensing, 
degrading the efficiency and beam quality.
95
 Nd:YAG outputs are also randomly 
polarized which means that YAG devices must be altered in some way to force a 
polarised output (e.g. Brewster cut rods or polarising filters in the cavity), resulting in a 
loss of performance.
96
 Yttrium Lithium Fluoride (YLF) was developed for high 
brightness pulsed applications, exhibiting longer fluorescence lifetimes and smaller 
thermal lensing effects than YAG,
97
 resulting in more efficient diode pumping and 
better output beam qualities. Nd:YLF is also birefringent and it is therefore simple to 
make it lase with a single polarisation. High brightness Nd:YLF lasers only appeared 
commercially in the 1990s because YLF’s tendency to fracture under high pump 
intensities took a number of years to understand and solve.
98
 
 
Diode pumped neodymium vanadate lasers are commonly used in CW applications due 
to Nd:YVO4 having a lower lasing threshold than YAG and YLF and hence requiring 
far lower diode pump powers to give a laser output. Like Nd:YLF, Nd:YVO4 is 
frequently operated with intracavity frequency doubling, giving a green output at 532 
nm. This format is so simple and efficient that it has become a mass produced 
component; the so called ‘diode pumped solid state’ (DPSS) green laser. Ubiquitous for 
CW green applications, Nd:YVO4’s gain characteristics and thermal properties make it 
totally unsuitable for high power pulsed operation, though it can be passively 
modelocked to give 1.0 picosecond near infrared pulses.
99
  
 
For certain high power applications neodymium is often doped into glass. Neodymium 
glass has poorer gain and thermal characteristics compared with YAG however it is 
much cheaper to produce, enabling large high quality rods of neodymium glass to be 
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manufactured. With larger rods, larger beams in the resonator are possible, spreading 
the load into a larger volume and often more than compensating for the reduced gain 
and thermal characteristics. 
4-3 Oscillators 
The term ‘oscillator’ in the most general sense simply describes a laser in its running 
state. In other words, an oscillator is a cavity which is supporting the oscillation of light 
built up from stimulated emission of an energised gain medium placed in the cavity. 
When the term ‘oscillator’ is used in the context of ultrafast laser systems, what is 
usually being referred to is a laser that has been coerced into giving out a continuous 
stream of pulses, a process known as mode-locking. Unlike in the case of external Q 
switching, where the user can arbitrarily decide when to produce the pulse by switching 
off and on the Q spoiler, a mode locked laser is always oscillating, with the pulse 
timings from an oscillator following an intrinsic property of the cavity oscillation; its 
round trip time. As will be described in this section, mode-locked oscillators are the 
most common way in which sub nanosecond laser pulses are obtained. Short pulses are 
a feature of key importance to realising 2DIR, therefore the operation of mode locked 
oscillators is worthy of some explanation.   
 
There are two concepts that together describe the basics of laser mode locking. The first 
is that the effect of adding a large number of laser modes closely spaced in frequency 
with a fixed phase relationship results in the generation of pulses. The second is that 
laser modes can be given a fixed phase relationship to one another by modulation of a 
laser cavity’s losses or gain at the round trip period.
88,89,100-102
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A laser cavity can only support wavelengths mL /2=λ , where L is the cavity length 
and m is an integer. This means that allowed modes in the cavity are spaced in 
frequency by Lc / πδω = , c being the speed of light. A simple description of the time 
dependence of the intensity in the cavity is obtained by summing the field contributions 
from each mode:  
2
))((
.)( 0 cceEtI m
tmi
m
m +=
++∑ φδωω    
Equation 4-13 
     
Em is the field amplitude of mode m, centred around frequency ω0 with phase φm. Here 
m takes positive and negative values. A free running laser generally shows no phase 
relationship between its lasing longitudinal modes. For inhomogeneously broadened 
laser transitions, each mode can be viewed as stimulating emission from the gain 
medium independently of others.
89
 For this case, the summation of modes in Equation 
4-13 gives intensity distributions with Gaussian noise characteristics over the cavity 
round trip time, an example shown calculated in Figure 4-1 (a). 
 
Figure 4-1 The intensity of 40 laser modes of a cavity, calculated from Equation 4-13 using 
Mathematica. The time and intensity variables are unitless, with Em=1, ω0=1000 and mode spacing δω=1. 
Shown in Graph (a) is the situation when each mode’s phase φm is a random number. In Graph (b), each 
mode has equal phase, giving pulses with time interval 2π.  
 
The periodic boundary conditions generated by the cavity cause very interesting 
behaviour when the cavity modes are made to oscillate with phases that are related to 
one another. It is because of the boundary conditio
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have a geometric relationship to all others ( Lcmn πω   = ). This relationship guarantees 
that somewhere along the cavity length L, some modes will start their oscillatory cycles 
at the same time, constructively interfering to give the noise spikes in Figure 4-1 (a). 
Imagine that every mode experiencing gain starts its optical cycle at the same time 
somewhere in the cavity, e.g. at the cavity mirrors. This is equivalent to setting 
mm ∀= ,0φ . For a short time at this location, the fields of each mode will rise together, 
producing a very high intensity before rapidly falling off with destructive interference. 
If there is a fixed phase and frequency relationship, the location at which all the modes 
are rising together moves along the length of the cavity, resulting in a single pulse, 
which due to the periodicity of the field oscillations in time and along the cavity length 
will move back and forward at the round trip time 2L/c. Figure 4-1 (b) shows the time 
variation of 40 such modes, commonly known as a mode-locked pulse train. 
 
Qualitatively speaking, the more modes that are locked in phase, the steeper the rise 
and fall of the pulse and therefore the shorter the pulse. More modes means that a 
greater bandwidth is required to fall under the gain curve of the lasing medium, i.e. the 
lasing transition must have a broad frequency distribution and be pumped hard enough 
to achieve laser action across it. For phase-locked modes, Equation 4-13 can be 
analytically summed and in the same manner as that for the phase matching condition 
in Equation 2-24, gives a sinc function. This provides an expression for the pulse 
duration:
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          Equation 4-14 
Here, ∆ωlaser is the frequency range of the laser transition over which the oscillation 
threshold is exceeded. For example a Ti:Sapphire laser can be made to oscillate over 70 
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nm of bandwidth around 800 nm, implying in this most idealised case pulse widths of a 
few femtoseconds.  
 
Mode locking is achieved experimentally by modulating either the losses or the gain of 
a laser cavity at precisely the round trip period. Not only does this cause the laser action 
to occur periodically, it introduces side bands (beating) in the oscillating mode 
frequencies at precisely ±δω.100 This means that laser action on one mode adds to the 
amplitude in other modes. The net result is that all modes add to one another and a 
phase relationship between the modes builds up – precisely the requirement for 
achieving a single pulse in the cavity. What limits the duration of the pulse is a mixture 
of the laser material’s gain bandwidth (how many modes that can be superposed), 
intracavity material dispersions and the method of mode locking used. Appendix 1 
(Section 12-2) describes the most common mode locking mechanisms, explaining in 
particular the Kerr lens mode locking method common in Ti:Sapphire oscillators.    
 
The two oscillator systems used for the work of this PhD thesis were both commercial 
Spectra Physics Tsunami Kerr lens mode locked Ti:Sapphire devices with pulse trains 
of roughly 80 MHz. One device was designed to give 100 fs pulses (1.5 W output) and 
the other 35 fs pulses (0.5 W output). The main difference between the two oscillators 
was just a shorter laser rod length in the 35 fs version giving lower GVD. The pump 
lasers were identical diode pumped Spectra Physics Millenia CW Nd:Vanadate lasers, 
intracavity doubled to give 527 nm and outputs of up to 5 W. As Kerr lens mode 
locking is not always self starting, the oscillator cavities are first actively mode locked 
using a regenerative acousto optic modulator system, generating a modelocked pulse 
train which is intense enough to start the Kerr lens modelocking. Periodic adjustments 
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of the cavity mirrors and the GVD compensation prisms were necessary to maintain 
optimum performance in EVV 2DIR experiments. Figure 4-2 shows the 35 fs oscillator.  
 
Figure 4-2  The 35 fs mode locked Ti:Sapphire laser used for some of the experiments 
reported in this PhD thesis.  
 
The above parameters of the Tsunami indicate that the energy per pulse is roughly 10 
nJ, a typical value for a mode locked oscillator. This value can be increased by an order 
of magnitude or two with difficulty,
101
 giving an impressive (and possibly unwieldy) 
100 W power, however the per pulse energy is still 1000 times too small for useful 
frequency conversion by parametric amplification; the necessary step for generating 
tuneable infrared (see section 4-5). Thus it is necessary to increase the oscillator pulse 
energies and this is achieved using amplifiers. 
4-4 Chirped pulse amplifiers 
For the purposes of this thesis, chirped pulse amplifiers are used to create laser pulses 
with energies high enough for efficient single pass nonlinear frequency conversion in 
devices such as optical parametric amplifiers (OPAs). At the heart of a chirped pulse 
amplifier is the same physics as an oscillator. Light amplification by stimulated 
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emission of radiation. Instead of amplifying light in a cavity and the output being 
leakage from one of the end mirrors (the job of an oscillator), a laser pulse seed is fed 
into an amplifier and traverses its energised gain medium a limited number of times, 
picking up energy on every pass before eventually being ejected.  
 
The challenge of short pulse amplification is to achieve gains of 10
5
-10
6
, minimise 
spatial and temporal distortions to the pulses and avoid destruction of the amplifier 
components. In order to obtain a useful level of population inversion in the gain 
medium it is necessary to focus both the pump and the seed in the gain medium. The 
problem is that a 1 picosecond pulse of 1 mJ when focussed to 500 µm has a peak 
intensity of 4 x 10
11
 W cm
-2
, exceeding nonlinear threshold intensities and material 
damage thresholds, 
88,102
 thereby making it impossible to reach the required pulse 
energy in an amplifier without degrading the pulse or damaging the laser rod. The 
solution is to reversibly stretch the pulse to 100-200 ps durations, amplify the pulse and 
then compress the pulse back to its original temporal state, a process known as chirped 
pulse amplification.  
 
Short pulses can be stretched using prism pairs or optical fibres,
85,88
 however the most 
practical and controllable method is to use a grating pair.
85
 Figure 4-3 (a) shows how 
this is achieved. The blue and red sides of the pulse become spatially separated from 
one another after reflection from the grating and the second grating halts the dispersion 
caused by the first. Direct back reflection with a mirror reverses this but because the 
path of the red components of the pulse is longer than that of the blue, the pulse has a 
negative frequency chirp. Thus a grating pair can be used to stretch a pulse or 
compensate the positive chirp developed as a pulse passes through optical materials. 
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The key to CPA is to be able to stretch the pulse reversibly. Figure 4-3 (b) shows a 
grating system with positive chirp. The telescope inverts the image of the first grating, 
causing the blue components of the pulse to have the longest path. The stretch factor is 
governed by l−f, equal to zero when l=f.88 Used in combination with (a), a pulse can be 
stretched, amplified and compressed.  
 
Figure 4-3 Achieving negative and positive chirp with grating pairs. In both systems, the pulse enters 
and exits in the same direction, as shown by the arrows. The mirror retroreflects the pulse back along its 
path and so the pulse is reflected off each grating twice. In (a) the shortest path is taking by the bluest 
component of the pulse (negative chirp).  In  (b) the 1:1 telescope inverts the image of the first  grating, 
switching the blue component into the longest path, giving positive chirp.   
 
Pulses are selected from the MHz oscillator train by means of a pockel cell, which 
rotates the polarisation and allows transmission through a polariser into the amplifer. 
For the amplification step, two schemes can be applied, examples of which are shown 
in Figure 4-4 (a) reproduced from Reid and Wynne.
88
 The simpler of the two is the 
multipass arrangement. Such a system is aligned so that the pulse passes through a 
pumped gain ‘rod’ a pre-determined number of times before exiting. In the regenerative 
amplifier method, the pulse is switched into an optical cavity containing the gain media 
using a pockel cell and allowed to make a number of passes (typically 20) before being 
switched out of the cavity.  
mirror
grating
grating
2 f
l
l
Negative Chirp Positive Chirp
(a) (b)
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Because in a Regenerative amplifier the pulse will pass through the extra pockel cell 
and polarisers inside the cavity a number of times, more dispersion occurs than for 
multipass amplifiers. The pulses are also being amplified in a cavity so amplified 
spontaneous emission is problematic, requiring that the gain per pass be kept low, 
typically 2-3 compared with 10 of a multipass amplifier.
85
 The advantage of the 
regenerative amplifier however is the superior output mode associated with a stable 
resonant cavity.  
(a) (b)
 
Figure 4-4 Examples of (a) a multipass amplifier and (b) a regenerative amplifier reproduced from 
Reference 
88
. PC= pockel cell, FR=Faraday rotator, TFP = thin film polariser. 
 
In the pulse recompression step, the gratings need to be stable under watts of pulsed 
laser power and for short pulses be capable of compensating the extra chirp introduced 
in the amplifier. Fortunately recompression of the picosecond pulses used in this thesis 
was more straightforward.  
 
Performance of chirped pulse amplifiers becomes limited by the thermal lens effect in 
the gain medium.
88,103
 Only a few tens of percent of the pump laser power creates 
usable gain, the rest being deposited as heat in the crystal. This causes an expansion of 
the crystal, giving rise to a non uniform refractive index distribution that then causes a 
lens effect. As a consequence this destabilises the amplifier and distorts the amplified 
beam mode. Typically a 1 kHz repetition rate is sufficient to dissipate the pump heat 
between pulses and generate millijoule output pulse energies. Without increasing the 
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complexity of the amplifier, an increase of output pulse energy can only be achieved at 
the expense of repetition rate and vice versa. In order not to compromise power over 
pulse energy, methods such as cryo cooling the gain medium (for Ti:Sapphire this 
improves heat conductivity and dn/dT 
103
) and multiple amplification stages are used. 
To give an idea of performance limitations at the time of writing, state of the art sub 
picosecond systems of varying designs have been reported with acceptable beam 
characteristics and repetition rates / pulse energies of 15 kHz / 300 µJ,104 10 kHz / 2.6 
mJ,
105
 200 kHz / 10 µJ 106 and 300 kHz / 13 µJ.107 
  
Two chirped pulse regenerative amplifiers were used for the work in this PhD thesis. 
The first was a Spectra Physics ‘Spitfire’ employing a 10 W Nd:YLF pump and 100 fs 
Ti:Sapphire oscillator seed. This gave ~0.7-0.9 W output at 1 kHz with selectable 
pulsewidths of 100 fs and 1-3 ps. The second was a Spectra Physics ‘Spitfire Pro XP’, 
employing a 16 W Nd:YLF pump and 35 fs Ti:Sapphire oscillator seed. This gave a 3 
W output at 1 kHz with selectable pulsewidths of 35 fs, 100 fs and 1-3 ps. Both chirped 
pulse amplifiers had identical stretcher/compressor stages, however the design of the 
regenerative amplifiers were markedly different.  
 
The Spitfire regenerative amplifier (Figure 4-5 (a)) used the Brewster cut sapphire gain 
rod as a polarisation selective device. The stretched seed pulses were bounced off the 
rod and sent to pockel cell 1. When pockel cell 1 was turned off, the double pass 
through the λ/4 waveplate rotated the pulse polarisation by λ/2 and therefore allowed 
transmission through the Brewster cut rod into the cavity. When turned on, the pulse 
polarisation was rotated by λ and therefore the oscillator pulses bounced off the 
sapphire rod and were rejected. Pockel cell 1 in the ‘on’ state also allowed the pulse 
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already propagating in the cavity to continue making round trips. The sapphire rod was 
pumped from one end and Pockel cell 2 was used to flip the polarisation after the pulse 
had been sufficiently amplified, therefore causing it to be reflected by the thin film 
polariser and ejected from the regenerative amplifier.  
 
For the Spitfire Pro XP regenerative amplifier (Figure 4-5 (b)), the sapphire rod was 
antireflection coated and not Brewster cut. The pulse selection was performed by 
Pockel cell 1 outside of the amplifier cavity. When turned on, Pockel cell 1 allowed 
transmission of the pulse through the thin film polariser into the cavity. Pockel cell 2 in 
the off state allowed the first pass of the pulse through the rod. Subsequent passes 
required Pockel cell 2 to be in the ‘on’ state and switching Pockel cell 2 off then ejected 
the amplified pulse from the cavity.   
 
The flat rod double ended pumping design of the Spitfire Pro XP gave a better output 
mode. This is because the thermal lens induced by the pump beam was symmetrical and 
the pump intensity was more evenly distributed along the length of the rod. A single 
end pumped Brewster cut rod has an elliptical thermal lens and ‘tapering’ intensity 
distribution along the length of the rod. For picosecond EVV 2DIR OPA operation, this 
improvement was of great importance, as the performance of OPA devices is critically 
dependent on the quality of the pump mode. Having only one Pockel cell in the cavity 
also reduced material dispersion (a requirement for reaching 35 fs pulse durations) and 
the cavity layout was also simpler making alignment easier. The 3W output of the 
Spitfire Pro XP enabled four OPAs to be pumped, two with 1 mJ/pulse and two with 
0.5 mJ/pulse. The 1W Spitfire system allowed two OPAs to be pumped, each with 0.5 
mJ/pulse.  
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Figure 4-5 Regenerative amplifier designs in the (a) Spectra Physics Spitfire and (b) the Spectra Physics 
Spitfire Pro XP. tfp=thin film polariser. Solid red lines indicate the paths of untrapped input and output 
pulses and dotted black lines indicate the paths of pulses trapped in the cavity. These diagrams do not 
reflect the actual optical layouts of these devices. 
 
The stretcher and compressor of the Spectra Physics Spitfire and Spitfire XP Pro is the 
most difficult part of the instrument to understand. Instead of using two gratings, as in 
Figure 4-3, the Spectra Physics Spitfire stretcher and compressor each use a single 
grating in a highly folded layout. This is shown schematically in Figure 4-6. It can be 
seen that the pulses make four passes over the stretcher and compressor gratings. The 
fourth pass halts the spatial dispersion, giving back the input mode shape. Picosecond 
operation is possible with a femtosecond seed input by use of a mask that clips the 
spectrum of the pulse, as shown in Figure 4-7. By use of different masks, pulses of 1, 
1.5, 2 and 4 picoseconds can be achieved. Different gratings are supplied to give 
optimal dispersion of pulses of various bandwidth.   
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Figure 4-6 Spectra Physics Spitfire and Spitfire Pro XP stretcher and compressor configuration. For 
simplicity the full beam path in the stretcher between the spherical mirror and the stretcher has been left 
out. Red lines indicate the first two passes off the grating and blue lines indicate subsequent passes. 
Green lines indicate outputs. The patterns on the mask and grating are indicated below. 
 
 
Figure 4-7 Spitfire XP Pro stretcher mask in front of the curved retroreflector mirror for reducing the 
bandwidth of femtosecond seed pulses, giving picosecond pulses on recompression.  
 
The chirped pulse amplifier is the most technically demanding component of an 
ultrafast laser system. Further to the large number of internal optical components, it 
requires a seed oscillator (which requires its own pump), a high power pump laser and 
sophisticated electronics for controlling the Pockel cell timings. For 2DIR 
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spectroscopy, the chirped pulse amplifier is however just an intermediary step in the 
production of tuneable infrared pulses. The final step for achieving this is the optical 
parametric amplifier (OPA). 
4-5 Optical Parametric Amplifiers 
The optical parametric amplifier (OPA) is at the heart of the 2DIR experiment, 
achieving the feat of converting fixed frequency input light into a tuneable output. 
Traditionally this task was achieved using dye lasers, but as with the other components 
of the laser system, modern devices are largely solid state. An OPA module is typically 
pumped by a regenerative amplifier and converts a pump field at, say, 800 nm into 
fields comprising two frequencies in the near IR. Known as the signal and idler these 
fields obey the following relation (see Figure 4-8):  
isp λλλ
111
+=      
          Equation 4-15 
 
This nonlinear process is known as optical parametric generation (OPG) or optical 
parametric down conversion. The term parametric is historical, deriving from RF 
electrical circuits for which frequency mixing was achieved by the modulation of a 
circuit parameter such as capacitance.
89
 The aim of this section is to outline the basic 
physics behind OPG, describe how it can be used to generate tuneable light for 
spectroscopy and in particular describe the now standard arrangement of the white light 
seeded OPA which was used in the form of the Spectra Physics 800CP for the 
measurements presented in this thesis. A more general presentation on nonlinear optics 
can be found in Chapter 2. 
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Figure 4-8 The principles of optical parametric generation. 
 
OPG processes can be achieved with the lowest order material optical nonlinearity χ(2). 
Practically speaking the aim is to use a strong pump to generate gain for a weak input 
signal or idler field seed. Unlike amplification by stimulated emission, there is no 
population inversion in the gain material and not one but two frequencies are amplified. 
The seed can either come from amplified spontaneous emission or supercontinuum 
generation, discussed later. Thus a tuneable optical source based on OPG must bring 
together two steps; the generation of a suitable white light seed and the amplification of 
the seed frequency component of interest.    
 
It is insightful to consider a basic description of the coupled nonlinear field equations 
that describe OPG. At second order in nonlinear polarisation, the linearised Maxwell 
equation (Equation 2-23) can be generalised to a set of coupled wave equations,
108
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Here, C are the field amplitudes as described in Section 2-3 and deff is the effective 
nonlinear coefficient,
109
 the value of which is directly related to the nonlinear 
susceptibility components of relevance to the OPG process. Each term on the right is a 
nonlinear source term and therefore must ideally satisfy phase matching conditions 
(small ∆k). For the case of optical parametric generation, these equations describe the 
flow of field strength between the pump, signal and idler. With a weak idler seed and 
strong pump initial conditions, (Cpump >> Cidler and Csignal = 0), dCpump / dz ≈  0 it can be 
seen by inspecting Equation 4-16 that the signal and idler amplitudes will increase as z 
increases.  
 
There are broadly speaking four factors which limit the signal and idler amplitudes. The 
first is that when Cidler and Csignal become comparable in size to Cpump, dCpump / dz 
becomes nonzero and the pump field becomes depleted, reducing the amplification of 
the signal and idler. The second is that due to the material birefringences used to phase 
match the OPG process (see below) a group delay, or group velocity mismatch will 
occur and the pump, signal and idler fields may cease to overlap temporally and 
spatially after propagation along a certain length of nonlinear material, halting the 
nonlinear conversion process and also limiting the bandwidth of the pulses amplified. 
The third is the damage threshold of the nonlinear material, placing limits on the pump 
intensity and the fourth is that the normal dispersion of any nonlinear material causes a 
nonzero phase mismatch ∆k.  
 
For many practical OPG devices, phase matching is achieved through use of material 
birefringence. Here, one of the nonlinear fields is of orthogonal polarisation to the other 
two. If the crystal is oriented such that one of the orthogonal polarisations projects onto 
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the crystal axis that gives the extraordinary refractive index and the other field(s) 
project onto the ordinary axis, the extraordinary refractive index variation upon rotation 
of the crystal can be used to adjust the length of one of the field’s k vector to give ∆k=0. 
The choice of which fields to make coincident with the extraordinary crystal axis is a 
practical one. When the signal and idler are identically polarised (Type I phase 
matching), the group velocity mismatch becomes small near the degeneracy point 
(λi≈  λs). This allows fields with large bandwidths to be generated and amplified and is 
therefore useful for the short pulse applications.
108
 When the signal and idler are 
orthogonally polarised (Type II phase matching), the group velocity mismatch is 
roughly constant (though larger) across the signal and idler range. With Type II phase 
matching it is easy to separate the signal and idler using polarisation sensitive optics. 
 
As mentioned previously, optical parametric generation requires a weak signal or idler 
seed. For an intense pump propagating through a nonlinear medium, ‘black body’ 
photons cause spontaneous optical parametric generation (sometimes known as 
‘superfluorescence’) and hence a generation of a continuum of signal/idler frequencies. 
A method of generating a white light seed of superior noise and mode characteristics to 
that of superfluorescence is through self focussing and self phase modulation (see 
Equation 12-1 and Equation 12-2 in the Appendix). Typically, a short pulse is focussed 
onto a material such as sapphire plate with an intensity sufficient to give rise to self 
focussing. With the increase in intensity as the mode narrows, the time variation of the 
nonlinear refractive index variation with intensity causes the field peaks to speed up 
relative to the troughs, modulating the phase of the pulse and generating a continuous 
distribution of sidebands (self phase modulation). Under appropriate conditions, a 
stable white light filament can be generated and used as a seed for OPG.    
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 If the nonlinear medium is placed in a cavity with the same round trip time as the 
pump repetition rate, the required signal/idler wavelength can be selected from a 
superfluorescence seed by phase matching and repeatedly amplified on each round trip. 
Such a device is known as an optical parametric oscillator (OPO). Due to inter cavity 
intensities being some 100 times higher than that of the output pulses, material damage 
considerations place a limit on the OPO output pulse energies, making OPOs currently 
unsuitable for 2DIR spectroscopy, despite the high repetition rates. Higher pulse 
energies are instead achieved by use of several stages of OPG, each utilising the large 
pump energies available from a regenerative amplifier (described in Section 4-4). Such 
a setup is known as an optical parametric amplifier (OPA).  
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Figure 4-9 Schematic of a Spectra Physics OPA800C-P optical parametric amplifier. 
 
Chapter 4. Ultra-fast laser technology for 2DIR                                                                
   
 
 118 
To illustrate the workings of an OPA, the Spectra Physics OPA800C devices used for 
this PhD are described here, as shown in Figure 4-9. This device uses the nonlinear 
material β-BaB2O4 (BBO) for the optical parametric generation steps. What follows is a 
description of the picosecond operation configuration. The items marked (*) are 
different in the femtosecond configuration. The OP800C is designed to operate with 
pump energies of 0.5 or 1 mJ / pulse. For these two configurations, items marked (HP; 
high power) are different. 
 
1) Input: 790 nm pump pulses at 1 KHz with ~0.4-1 mJ / pulse and 1 ps duration enter 
the OPA. The polarisation is flipped using a telescope. A beamsplitter (*) picks off ~15 
uJ of pump light, sending it to the white light generation arm (2). The pump is sent to a 
second beamsplitter (3) (HP). 
 
2) White light generation: The 15 uJ pump light is attenuated to give stable white light 
generation through use of an iris or a waveplate/polariser combination. A sapphire plate 
(*) is placed near the focus of an adjustable telescope to give a white light filament 
(shown as a rainbow line). Focussing of the pump is adjusted to give a stable beam and 
a second lens adjusted to collimate the output. The white light is then  
sent via an adjustable delay stage to a dichroic mirror (4) and overlapped with the 
preamplification pump light (3) 
 
3) Generation of preamplification and amplification beams:  A beamsplitter (HP) 
splits off 10-15% of the pump for preamplification and directs the light through a 
telescope to a dichroic mirror (4) where it is overlapped with the white light seed. The 
focus of the preamplification beam is arranged to lie somewhere after the BBO crystal 
(*) and before the main pump dichroic mirror (6). The main pump beam is directed 
through a telescope, along an adjustable delay line and to a dichroic mirror where it 
overlaps with the OPG light from the preamplification step (6). The main pump beam is 
loosely focussed a few centimetres before the dichroic mirror at point (7). 
 
4) Preamplification OPG step: The white light and preamplification pump light are 
overlapped on a dichroic mirror and sent through the BBO crystal(*) (set for the correct 
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phase matching angle). The white light is amplified through OPG and propagates 
through a dichroic mirror (6) which removes the pump light and onto a grating 
retroreflector (5). The preamplification telescope is adjusted to give stable optical 
parametric generation. A slight amount of spontaneous OPG indicates the correct 
focussing regime. White light generation indicates that the focussing is too tight. The 
white light delay stage is adjusted to give temporal overlap of the white light pulses 
with the preamplification pulses. 
 
5) Grating retroreflector(*): The frequency component of the white light 
corresponding to a suitable idler or signal frequency is selected by use of an adjustable 
grating mounted in the Littrow configuration. This returns the selected component 
slightly offset to the dichroic mirror (6) where it is overlapped with the main pump 
beam. In the femtosecond configuration, the grating is replaced with a concave mirror 
and a bandpass filter selects the near IR light. The frequency selection is governed 
solely by the BBO phase matching angle.  
 
6) Main amplification step: The overlapped signal/idler seed the pump light propagate 
through the BBO crystal(*) (set for the correct phase matching angle). The focussing of 
the pump is adjusted for maximum signal/idler output and stability. The pump delay 
stage is adjusted for maximum temporal overlap with the signal/idler seed. 
 
7) Separation of pump and diagnostics: The amplified signal and idler can be 
separated from the depleted pump by use of a flip up dichroic mirror that guides the 
pump into a beam dump. The signal and the idler can be separated through use of a thin 
film polarisation sensitive mirror. A pyroelectric joulemeter can be placed in this area 
to monitor and improve the OPA process. Blocking the amplification pump light, the 
amplified white light can be seen on a card by tilting the grating, with lack of lateral 
movement of the visible light on tilting the grating indicating good grating alignment. 
With no preamplifier light, the level of spontaneous OPG from the amplification pump 
should be <10% of the white light seeded value. Harmonics of the signal and idler are 
present in the OPA light. If they are observed as separate spots, this means that the 
temporal/spatial overlap of the seed and the amplification pump light are incorrect. 
Shown in Figure 4-10 is the approximate tuning range of the signal and idler obtained 
when using a 0.5 mJ/pulse pump energy. 
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Figure 4-10 Approximate tuning range of OPA800CP when pumped with 790 nm 0.5 mJ/pulse light. 
Double to triple the output is observed when pumping with 1 mJ/pulse. For an accurate measurement of 
the idler curve, see Figure 5-11.  
 
8) Frequency conversion of the pump, signal and idler: The OPA800C has a number 
of options for converting the signal/idler and pump into light from the UV to the 
infrared, making use of one or two additional nonlinear conversion steps such  
as difference frequency mixing of the signal and idler, second harmonic generation of 
signal or idler, fourth harmonic generation of signal or idler, sum frequency mixing of 
signal or idler with the pump and second harmonic of the sum frequency mixing of 
signal or idler with the pump. The frequency of interest is isolated using interference 
filters, cube polarisers or dichroic mirrors. It should be noted that due to the signal and 
idler being divergent, the frequency converted beams are also divergent and must 
therefore be carefully collimated. 
 
2DIR spectroscopy requires tuneable infrared light. The signal and idler wavelengths 
from the OPA800C are tuneable in the near-infrared and it is shown in this thesis that 
the idler can be used for 2DIR spectroscopy of aliphatic, aromatic and amide modes in 
the 4200-5000 cm
-1
 region. Due to absorption in the BBO crystal, the idler’s output is 
extinguished for ω < 3700 cm-1. In the OPA800C, lower frequencies useful for 2DIR 
are achieved through difference frequency mixing of the signal and idler. Difference 
frequency mixing is described by Equation 4-16 and therefore similar to optical 
10000 9000 8000 7000 6000 5000 4000
λ / µm
ω / cm-1
signal
idler
p
u
ls
e
 e
n
e
rg
y
 /
 µ
J
1 1.5 2 2.5 3
0
5
10
15
20
25
30
35
40
p
u
ls
e
 e
n
e
rg
y
 /
 µ
J
Chapter 4. Ultra-fast laser technology for 2DIR                                                                
   
 
 121 
parametric generation however the initial conditions are that in addition to the strong 
pump field there is also a strong signal field. For OPG, the signal and idler reinforce 
one another, giving exponential growth along the crystal length z whereas with DFM 
the growth is quadratic.
108
 In an OPA800C the DFM pump is derived from the signal of 
OPA process and the DFM signal derived from the idler. The DFM process then 
generates a ‘new’ idler field.  
 
The OPA800CP is supplied with AgGaS2 crystals which use a Type II phase match to 
give useable output over a tuning range of ~1100-3400 cm
-1
 (see Figure 5-11) and pulse  
energies of 0.1-15 µJ, depending on the pump energy. The pulse widths were estimated 
through cross correlation measurements to be ~ 1-1.5 ps FWHM. Measurements of the 
pulse spectrum at different wavelengths gave widths of ~20-25 cm
-1
, indicating that the 
pulses were far from transform limited. 
 
The tuning range is in principle limited by absorption of the DFM output in the DFM 
crystal, however the cleavage angle of the crystal (setting the phase matching angle of 
the mounted crystal) also played an important role. The crystals supplied were cut such 
that the ‘zero degree’ crystal angle (crystal face at 90 degrees to the beams) occurred at 
2500 cm
-1
. For AgGaS2 this meant that at 1100 and 3400 cm
-1
 the phase match angles 
were very large and the DFM output would experience large displacement changes 
when scanning the frequency. Under these conditions the input beams would also clip 
the crystal housing. The lack of output from the OPA800C between 3400 and 3700  
cm
-1
 (important for OH stretch modes) and below 1100 cm
-1
 can in future be obviated 
through use of more appropriate crystal cuts and through alternative choices of 
nonlinear materials.  
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Shown in the Appendix (Chapter 12, Section 12-3) is a table reproduced from ‘Topics 
in Applied Physics: Solid State Mid-Infrared Laser Sources’
109
 describing common 
nonlinear optical materials and their properties. Petrov, Rotermund and Noack have 
published an extensive comparative study of OPG and DFM in all commercially 
available nonlinear materials,
110
 describing many important issues and limitations for 
each material. It can be seen that materials such as AgGaSe2 and GaSe can extend the 
difference frequency output to ~500 cm
-1
. Investigations of AgGaSe2 are described in 
Section 10-3 of Chapter 10. 
 
ZnGeP2 can be seen to have a similar transparency range to 
AgGaS2, extending slightly further into the infrared to ~900 cm
-1
 with a much higher 
nonlinear coefficient and a higher damage threshold.  
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Chapter 5. The EVV 2DIR experiment: 
Operation and development 
This chapter describes in detail the experimental methods used to obtain EVV 2DIR 
spectra. The general operational principles of the EVV 2DIR experiment as developed 
over the course of this PhD are shown in Figure 5-1. Each section describes how 
components of a previously constructed prototype experiment
6
 were developed into a 
working spectrometer for analysis of a diverse range of samples, a process which took 
one and a half years of PhD research time. The final section presents a distillation of 
the research into EVV 2DIR spectroscopy in the form of the current operational 
routine. Details of a new experiment under construction can be found in Chapter 10.      
 
Figure 5-1 Operational schematic of EVV 2DIR experiment. Solid lines indicate laser pulses and 
dotted lines indicated the computer control and data collection paths. Independently tuneable infrared 
pulses of frequency ωα and ωβ, duration ~1 ps and 20-25 cm
-1
 bandwidth were generated from two 
OPAs, as described in Chapter 4. Each OPA’s frequency and pulse delay lines were controlled from a 
computer with software programmed for integrated control and data acquisition. The 790 nm pump for 
the OPAs was used for Eγ and all three beams were suitably conditioned and focussed together into the 
sample of interest, generating the EVV 2DIR signal Eδ which was then spectrally isolated and detected 
using a photomultiplier tube.  
 
The previously built experiment
6
 was based on the earlier work of Wright et al
4
 and 
provided a strong starting point for the work of this PhD, however it had to be 
extensively modified in order to achieve the first unambiguous EVV 2DIR spectra of 
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compounds beyond those previously reported for CS2 and acetonitrile. The 
modifications included OPA automation, a new beam path for Eγ, an improved 
detection scheme, online detection of laser energies, flexible software control of 
experimental parameters, a change in sampling arrangements and improvement in the 
nitrogen purge for removal of water from the beam paths.  
5-1 Optical Layout 
Figure 5-2 shows how the visible and infrared beams are focused into the sample to 
drive EVV 2DIR processes. The mirrors used were mostly of the protected gold type 
(Rocky Mountain Instruments) with the exception of the 780 nm beamline (Eγ) which 
used dielectric mirrors (CVI) optimised for 800 nm. Apart from a periscope 
occasionally used to rotate the polarisation of Eβ, all beams propagated parallel to the 
optical bench at a height of 12.2 cm. The beam delivery optics were enclosed in a 
perspex box which, along with OPA α was purged with dry nitrogen. The nitrogen 
source was initially bottled and later from a dedicated nitrogen boil-off supply. The 
lab temperature was actively controlled and kept at 19 C, stable to within ±0.5 C.   
 
The IR beams generated from OPAs α and β had beam waists at the OPA exits of 
roughly 1 mm, measured using a moving knife edge. Because the focal spot size is 
inversely proportional to the unfocussed diameter, the IR beams were expanded by 
three times using Galilean telescopes (comprising 5 and 15 cm EFL CaF2 PCX lenses) 
before being focused into the sample. Previously,
6
 the visible beam Eγ was sourced 
from the left over 790 nm pump of an OPA, resulting in poorer mode quality and an 
increase in noise compared with the direct output of the regenerative amplifier. A 
wedge beamsplitter AR coated on one side was used to pick off ~4% of the pump 
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light from the regenerative amplifier prior to entering the OPAs and the beam routed 
with the correct pathlength to the sample. Due to having a shorter wavelength and 
larger input beam waist of 2 mm, the visible beam was reduced in size by roughly 3 
times to try to match the spot size at the sample with that of the infrared beams (a 
Keplerian telescope with a 25 cm EFL FS AR coated PCX lens and 7.5 cm EFL CaF2 
PCX lens was used).  
 
All three beams were spatially filtered at the focus of their telescopes to remove 
inhomogeneities in the beam profiles, which usually resulted in better nonlinear signal 
generation. The spatial filters also acted as references, helping to maintain similar 
propagation geometries after realignment of the OPAs. In principle the spatial filters 
could also convert noise in the OPA pointing into intensity fluctuations. The infrared 
beams were filtered with 100 µm pinholes and the visible beam with a 75 µm pinhole. 
 
The polarisation of Eβ was changed by inserting a mirror periscope after the 
diagnostics beamsplitter. For most experiments performed, the input beams were all 
polarised horizontally with respect to the lab bench with polarisation rotation of Eβ 
was necessary when using an OPA configured for idler output. For experiments 
investigating the effects of polarisation, the periscope was removed or inserted into 
the Eβ beamline as required and a half wave plate rotated for Eγ polarisation control. 
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Figure 5-2 Optical layout of the EVV 2DIR experiment.  
 
Pulse delays of Eβ and Eγ  were achieved using Newport MTM delay stages (1 µm 
repeatability) controlled from a Newport ESP300 motion control box which was 
linked to the main software control computer via GPIB. The stages had 15 cm of 
delay 
stage
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travel, corresponding to a total possible delay of roughly 1 nanosecond. Scanning both 
the delay stages simultaneously could in principle give an equivalent Eα delay, 
however the original software control and data collection program was limited to 
scanning a single stage at a time only. This limitation meant that at the outset, 
exploration of the Eα cross correlation was not routine. A set of subroutines were 
constructed using Labview to provide a more flexible package for delay control that 
could operate standalone or be integrated into larger data collection routines. 
Understanding the nature of the distorted Eα cross correlation was ultimately key to 
achieving unambiguous EVV 2DIR spectra. 
 
5-2 Diagnostics 
In the early phase of this PhD, achieving a EVV 2DIR signal and exploring it was 
complicated by variability in OPA and regenerative amplifier performance during 
data acquisitions, often resulting in the complete loss of EVV 2DIR signal or 
irreproducible data. These performance changes were very disruptive to daily 
operation, arising from problems with either of the OPAs, the regenerative amplifier, 
its pump or the seed oscillator. A single Molectron EPM1000 detector unit with 
choice of a pyroelectrics (Molectron J5-09 or Molectron J3-09) or thermopile head 
(Molectron PM-30) was initially used for all routine beam monitoring. With the 
source of the problem unknown each time, troubleshooting would often halt a day’s 
data collection. The addition of continuous online beam monitoring enabled more 
rapid fault diagnosis. Knowing what the regenerative amplifier and OPAs were doing 
at all times in terms of output and noise enabled a more directed approach to 
troubleshooting and maintenance, resulting in fewer disruptions to data collection and 
a system that ran more reliably.  
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The detection systems for continuous online measurements of the intensity of each 
beam were constructed in-house in collaboration with Barnett. BaF2 window 3-pin 
pyroelectric Eltec 420-42 detectors were mounted on small PCBs each containing a 
fast op-amp buffer circuit. These were placed in small, low footprint matt black metal 
boxes and mounted on the optical bench to measure IR intensities. The visible beam 
was monitored with a standard silicon photodiode, biased, buffered and placed in a 
low footprint black box. A stable DC power supply was constructed to power the 
detectors and the associated circuitry. It was found that when pulsed with IR light, the 
pyroelectric detector amplifiers introduced an extra 20-30% noise to other devices 
drawing power from the same supply. The noise spikes were therefore coupled to 
ground with two 10
3
 uF capacitors in series with 10 Ohm resistors. 
 
CaF2 beamsplitters were placed in the beam paths to pick off ~5% of the light from 
the Eα, Eβ and Eγ  beampaths, the light being routed to each detector. An M-DAQ 
series National-Instruments PCI board was used to digitise the detector signals. 
Pyroelectric detector responses were typically tens of microseconds. Being too fast for 
the DAQ card, sample and hold integrator units were built to integrate the detector 
signal after a trigger (the regenerative amplifier output Q switch signal) and hold the 
voltage until the next trigger, long enough for the DAQ board to measure the values.  
5-3 Spatial and temporal alignment of beams at the sample position 
All three input beams Eα,  Eβ and Eγ were focussed at the sample position using 20 cm 
CaF2 plano convex lenses. A non collinear geometry was used and the beams were 
angled with Eα and Eγ  fixed at 8° and -2° with respect to Eβ, sufficient to achieve 
uniform phase matching across the 2D spectral range, provided that the dispersion 
changes for each field in the sample were less than ~0.1%. Samples were located in 
Chapter 5. The EVV 2DIR experiment: Operation and development                                                                                
   
 
 129 
the vicinity of the focus on linear stages giving x and y translation parallel to the 
bench.  The beams were overlapped at the focus spatially by use of a 100 µm pinhole. 
The input beam parameters gave focussed waists of around 100 µm for the IR beams 
and 70 µm for the visible beam, as measured by transmission through the alignment 
pinhole.  
 
The infrared pulse energies at the sample varied with output frequency, with Eα  
between 0.2 and 1 µJ and Eβ between 0.5 and 2 µJ. Losses from each beam delivery 
mirror (~10% per mirror) and a variable loss through the spatial filters caused a 
reduction of infrared pulse energy at the sample of between 3 and 10 times compared 
to that at the OPA exit. The exact level depended on the OPA wavelength and how 
well the OPA and delivery optics were aligned. The 790 nm Eγ pulse energy was 10-
15 µJ at the sample. Focussed, this energy caused sample damage and was therefore 
reduced to values around 2-3 µJ with a variable attenuator. Even so, great care had to 
be taken during alignment of Eβ and Eγ, as the intensities at the focus were sometimes 
high enough to burn new holes in the pinhole. 
 
Temporal alignment of the Eα,  Eβ and Eγ pulses was achieved by sum frequency 
mixing the idler of OPA β with the 780 nm beam (Eγ) in a BBO crystal. The crystal 
was placed at the sample position and oriented at the correct phase matching angle for 
sum frequency mixing. One of the delay stages was then scanned. Upon temporal 
alignment of  Eβ and Eγ , a yellow flash could be observed on a card behind the BBO 
crystal. Temporal alignment of the OPA DFM field Eα could then be achieved from 
four wave mixing cross correlations with a CaF2 window non resonant background 
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signal. An example of a BBO Eβ and Eγ  cross correlation is shown in Figure 5-3. 
Gaussian fits to the cross correlations and the analysis described in Section 4-1 
indicated that the pulsewidths were between 1 and 1.5 ps.  
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Figure 5-3 Example of an IR+Visible cross correlation collected using a BBO crystal located at the 
EVV 2DIR sample position and measured using a photodiode. For this example, the IR stage position 
was varied and shown above is a plot of signal vs stage position. Note, 1 mm = 6.67 ps. 
 
The method used for temporal alignment in previous work was to measure the 
photocurrent caused by sum frequency mixing of Eα and Eβ in a silicon junction. For 
Eα or Eβ mixing with Eγ, a CdTe junction was used.
6
 It was found in practice that 
using BBO crystals for finding temporal overlap of the OPA’s idlers with the visible 
field Eγ was easiest, followed by cross correlation of the DFM fields through non 
resonant four wave mixing.  
5-4 Detection of signals 
Initial investigations of EVV 2DIR were carried out using a previously assembled 
detection system
6
 comprising a Hamamatsu R928 side window photomultiplier tube 
with the output buffered, fed into an Ortec linear gate of width 4 µs to reject dark 
noise and then sent to a Stanford SR830 lockin amplifier. Typically, the gain of the 
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PM was kept fixed and neutral density filters were used to maintain the EVV 2DIR 
signal levels within the correct intensity range.
6
 In order to measure only nonlinear 
signals coming from all three input beams, the two infrared beams α and β were 
differentially chopped, the chopper wheel passing in sequence α then β then α+β. An 
electronically generated ‘on’ period of α+β (typically 150-200 Hz) was derived from 
detectors on the chopper wheel and used as a reference signal for the lockin amplifier.  
 
The four wave mixing signal associated with EVV 2DIR was spectrally isolated from 
other nonlinear signals and the input fields using a stack of three 770 nm short pass 
filters (Omega Optical AGSP, blocking OD 5). This arrangement provided an 
attenuation of the visible input beam δ of ~1015. With a visible input of ~1013 photons 
per pulse (1 µJ at 790 nm) this attenuation was in principle adequate to reject the input 
beam to below single photon levels however the previously constructed blu-tac 
mounted filter assembly and PM enclosure were not light-proof.  
 
The above mentioned detection setup served its purpose for the pilot studies but was 
noisy and inefficient and so for the further studies of this thesis had to be substantially 
altered. In terms of performance, the improvements made to the EVV 2DIR detection 
system described in this section were as follows. With the initial setup, to observe a 1 
KHz signal of roughly 10 photons per pulse with less than 5% noise, 20-40 seconds of 
signal averaging was required. For an equivalent signal, the new detection system 
could achieve the same noise figures with 100-200 ms signal averaging, amounting to 
a 200 times increase in data acquisition speed – an extremely important increase in 
throughput.     
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Many of the limitations of the original detection system were to do with the 
implementation of lockin detection. The double chopper had an α+β ‘on’ frequency 
of ~200 Hz which, compared with the 1 KHz repetition rate of the OPAs amounted to 
a factor of five in signal reduction. Phase drifts between the chopper wheel rotation 
and the output Q switch of the regenerative amplifier produced a variable beating in 
the lockin detected FWM signal, with periodic fluctuations as much as 20% of the 
signal size. This problem could have been circumvented by triggering the Nd:YLF 
pump and regenerative amplifier from the chopper wheel, however failure of the 
trigger would have resulted in damage to the pump laser so this route was not taken. 
The other disadvantage of the Lockin detection scheme was that its dynamic range 
was typically only 10
2
.  
 
It was thus decided to abandon the lockin detection and add a Comar 40 nm band pass 
filter (blocking OD 4) with the passband selected to match ωδ over the scan range. 
Stray light became a bigger issue, so the filter stack was mounted in a lens tube which 
was coupled mechanically to the detector casing with black felt gaskets. The only 
nonlinear signals difficult to reject were those that occurred within the passband of the 
band pass filter. This happened when ωβ3 ≈ωδ  (=ωβ−ωα+ωγ) and in a χ(2) active 
sample when ωα≈ωβ/2 (giving a second order sum frequency signal ωα+ωγ ≈ωδ, which 
was frequently found to be vibrationally enhanced). The frequency tripling process 
was only problematic for observation of very weak EVV 2DIR signals, appearing as a 
rising background for ωβ > 4700 cm-1 and ωα ∼ 1450 cm-1. The χ(2)  signal was less of 
a problem and only observed in some crystalline amino acid and peptide samples.   
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Figure 5-4 Output of an integrated DCS connected to a PM (red) and the PM input EVV 2DIR signal 
(black). The minor pulses on the input are dark noise. The DCS circuit holds the integrator at zero. A 
gate opening spike can be seen on the ungated signal and the integrator has a brief transient when 
activated. The closing of the gate introduces another spike in the ungated signal.  
 
A custom designed gated integrator was constructed in collaboration with Barnett. It 
had an operating gate width of roughly 200 ns, therefore giving 20 times better noise 
rejection than the Ortec gate. Comprising a double correlated auto sampling (DCS) 
circuit, it was calibrated to open for durations as short as a few tens of nanoseconds. A 
DCS circuit is essentially a gate with a voltage clamp on the integrator which is only 
released when the gate opens. Clamping the integrator reduces its baseline noise. This 
system gave a linear dynamic range of 5 orders of magnitude (from a few mV to 4 V) 
with negligible electrical noise; a great improvement over the previous Lockin 
detection scheme. Shown in Figure 5-4 is the ungated PM response from an EVV 
2DIR signal and the output of the gated integrator. 
 
The original Hamamatsu R928 side window PM had a quantum efficiency (QE) of 
~5% over the EVV 2DIR signal wavelengths examined and was replaced with the 
more efficient Peltier cooled Hamamatsu H7422-40 (QE 25%) and H7422-50 (12%) 
detectors. The wavelength response curves of the photomultipliers are shown in 
Figure 5-5 with typical EVV 2DIR signal wavelength ranges highlighted. Figure 5-5 
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shows that for scans using the OPA β idler, the H7422-40 gives the highest QE and 
for scans using OPA β DFM, the H7422-50 gives the highest QE. The gain of both 
tubes could be varied between 5 x 10
3
 and 10
6
. 
 
Figure 5-5 Spectral response curves of the photomultiplier tubes used for EVV 2DIR experiments. The 
dotted red lines show the equivalent quantum efficiency values. The pink and blue vertical shaded bars 
indicate the wavelength ranges of the EVV 2DIR signal Eδ measured. In both cases ωα is 1250-1650 
cm
-1
. The pink bar is for scans with ωβ 4200-5000 cm
-1
 and blue is for ωβ 2700-3200 cm
-1
. The data to 
create these plots was obtained from the Hammamatsu product literature. 
 
The responses of the PM tubes were tested with various incident light levels and 
linearity was found to be excellent. An example test curve is shown in Figure 5-6. The 
limiting factors in this particular response curve are stray light at low light levels and 
gated integrator gain stage saturation at high light levels. The stray light here is due to 
the manner in which the curve was measured. Extra steps taken to isolate the PM 
during EVV 2DIR experiments meant that the stray light levels were many orders of 
magnitude lower than that of Figure 5-6, giving dark counts values of 10-20 s
-1
. 
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Figure 5-6 PM response. This graph is a plot of PM signal vs. photodiode (PD) signal. The PD signal 
was known to be linear with intensity and therefore acted as a good reference. Eγ was attenuated using a 
double filter wheel containing a variable combination of OD filters then sent to both the Eγ diagnostics 
PD, and after being heavily attenuated by a stack of filters (OD 9), sent to the PM. Each data point is a 
different combination of the double filter wheel, as measured by the PD plotted against that measured 
by the PM.    
 
With inter pulse delays of 1-1.5 ps, typical nonlinear signal values for plastics and 
solvents of thickness > 100 µm were ~102 photons per pulse and for proteins and 
peptide films, 0.1-10 photons per pulse. This meant that experiments were always 
being performed in the shot noise limit. Shot noise, also known as quantum noise is 
the uncertainty associated with the arrival of a quantum of light at a detector.
111
 Shot 
noise follows Poisson statistics, so the uncertainty in the number of photons (Nshot ) 
goes as the square root of the number of photons measured Nsignal: 
   signalshot NN =           
Equation 5-1 
 
Thus shot noise is inherently intensity dependent and even for a 1000 photon pulse is 
3%, increasing to 50% for a 1 photon pulse, yielding an important rule that was not 
previously being followed for working efficiently in the shot noise limit: To achieve 
the shortest signal averaging times, a shot noise limited signal must not be attenuated 
to match the gain of a detector, the gain of the detector must be lowered instead.  
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5-5 Automation of Optical Parametric Amplifier frequency scans 
Of all the laser devices that made up the 2DIR experiment, in terms of construction, 
the OPA800CPs were the most basic, comprising mainly standard optical components 
mounted on a breadboard. To save costs and reduce complexity, the designers fitted 
manually driven Newport SM-50 micrometers to the nonlinear crystal rotation 
mounts. Earlier EVV 2DIR data collection protocols comprised the user manually 
changing the OPA frequencies by use of a look up table,
6,7
 placing a one minute 
overhead on top of signal averaging for each data point.  
 
In the initial searches for aliphatic CH signal, an appropriate 2D scan range capturing 
the possible cross peaks of interest was 200 x 400 cm
-1
 with 5 cm
-1
 resolution, a range 
requiring 400 data points! In previous work, compromises were therefore made to 
both resolution and scan range. Scans typically contained 100-150 data points.
6
 One 
2DIR spectrum (taking 16 hours to collect) was recorded with the appropriate range 
and resolution.
7
 Combined with the time required for signal averaging and the 
interruptions due to laser instabilities, little progress was made. Therefore along with 
improving the detection setup, automating the OPA frequency scans was identified as 
one of the key developments of the experiment. 
 
The two important aspects of automation were choice of hardware and development 
of software control. Initially only OPA β was automated, with OPA α stepped 
manually between scans of OPA β. The OPA SM-50 micrometers were replaced with 
DC servo motor driven Newport LTA-HS actuators, each with 50 mm travel and 0.1 
µm incremental motion and repeatability. The 3 channel ESP300 motion control 
driver box described earlier for controlling the delay stages was initially used to 
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control the actuators. The OPA was operated with the idler output, giving a 3800-
5800 cm
-1
 scan range and requiring only two actuators (grating and BBO control). 
Unfortunately this left only one ESP300 channel to control the delay stages, meaning 
that cross correlations of Eα could not be easily performed as this required moving 
both the Eβ and Eγ delay stages. To swap delay stages, the ESP300 unit had to be 
powered down and the serial cables interchanged.  
 
Despite these limitations, combined with the improved detection setup data collection 
speeds were greatly improved, the full range, full resolution scan described earlier 
taking only one hour instead of sixteen hours. This allowed previous spectra to be re-
examined and spectra of new samples to be rapidly recorded.  
 
The automation of both OPAs was later achieved using an 8 channel National 
Instruments Motion Control card. A six channel driver unit for the actuators was built 
by Barnett, enabling both OPAs to be used with up to three actuators. Motion was 
achieved using Labview Motion Control subroutines. In order to monitor the actuator 
positions, a National Instruments Motion Control Counter card was installed in a 
separate PC and Labview software written to display the actuator positions in real 
time. This system gave further reductions in data acquisition time and enabled the 
ESP300 controller to be used solely for controlling both translation stages, thus 
allowing the first cross correlations of Eα to be measured. 
 
Software control of the OPAs was developed for two applications: OPA calibration 
and OPA output frequency control. Labview 7.0 (and later versions) was used as the 
software control platform. To achieve an OPA calibration, the relation between output 
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frequency and the optimised position of the actuators controlling the grating, BBO 
crystal and DFM crystal angles had to be determined. The BBO and DFM crystal 
angles were set for maximum conversion efficiency by optimisation of the pulse 
energy with a pyroelectric joulemeter (Molectron J5-09). First the detector head was 
placed before the AgGaS2 crystal to measure the idler energy and the BBO angle was 
optimised. Then the detector head was placed after the AgGaS2 crystal and long pass 
filter and the DFM energy optimised. The frequency (set by the OPA grating position) 
was then measured using a Jobin Yvon Triax 320 single grating monochromator with 
a liquid nitrogen cooled Infrared Associates ZnSe window MCT detector at the exit 
slit.   
 
Previously the calibration process was achieved manually. Use of computer controlled 
actuators allowed software to be written to speed up the calibration process. It proved 
most efficient to only automate the grating and BBO changes and manually scan the 
DFM actuator. The BBO phase matching was very sensitive to position changes and a 
more accurate calibration could be achieved through computer stepping whereas the 
DFM phase matching was less sensitive and it was faster to scan the crystal angle 
manually, entering the optimal actuator reading from the electronic counter into the 
calibration software. Shown in Figure 5-7 is a block diagram describing the operation 
of the software written for calibration. Step 2) required insertion of a power meter, 
step 4) required moving the power meter to optimise DFM output and step 5) its 
removal to allow the beam to enter the monochromator. Obviously for OPA operation 
with idler output the DFM step was unnecessary. The curve fitting routine was 
configured for fitting the data to a third order polynomial: 
   
3
3
2
210
~~~ ννν aaaax +++=    Equation 5-2 
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Here x is the actuator position,ν~ the frequency in wavenumbers and a0, a1, a2 and a3 
the calibration coefficients. It was found that lower order fits were less accurate and 
higher orders unnecessary.  
1) Step Grating 
actuator position
in mm
3) Record OPA
idler intensity
create table:
intensity vs position
4) Record BBO
and DFM
position giving
highest signal.
5) Using monochromator
measure and 
record wavelength
enough
points
taken?
6) Calculate Grating, BBO
and DFM calibration 
coefficients using curve
fitting subroutine
Yes
No
2) Scan BBO actuator
on pre determined 
trajectory
 
Figure 5-7 Block diagram describing operation of the OPA calibration software written as part of the 
research for this PhD thesis. 
 
 
Figure 5-8 Example OPA tuning curves showing actuator positions for a given frequency.  
 
Shown in Figure 5-8 are examples of the tuning curves obtained for a DFM 
configured OPA and an idler only OPA. All BBO calibrations were performed for a 
first order grating reflection of an idler seed. Care was needed to select the correct 
reflection, as components of the white light giving signal seeding could also be phase 
matched and amplified, as shown in Figure 5-9 (a) and (b). It was observed that at 
around 4100-4200 cm
-1
 in idler frequency the phase matching condition was also 
satisfied for a signal seed (Figure 5-9 (c)), resulting in a dip in overall conversion 
efficiency.  
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Figure 5-9 Plots of the OPG signal vs. BBO crystal angle micrometer for three grating positions. The 
multiple peaks indicate phase matching of several grating reflections of the white light seed. In each 
case the idler seed is the large peak at lower actuator position. 
 
Control of the OPA output frequencies was achieved through a Labview subroutine 
with the following structure:  
OPA calibration
data
Select frequency
Use calibration
curves to calculate
Grating/BBO/DFM
positons in mm
Move grating
actuator
Move BBO
actuator
Move DFM
actuator
Read final
positions 
Output final
positions
 
Figure 5-10 Block diagram showing dataflow for automated OPA control. 
 
Typical pulse energy vs. frequency curves achieved for an idler output and DFM 
output OPA are shown in Figure 5-11, with OPA alignment optimised at 4300 cm
-1
 
(idler OPA β) and 1450 cm-1 (DFM OPA α). Improvements could be made in energy 
at other frequencies by adjusting the focussing, alignment and delay of the main pump 
pulse and for the case of DFM also by adjusting the AgGaS2 crystal position. 
 
The accuracy of the OPA frequency calibrations were checked periodically with the 
monochromator, the accuracy of which was in turn checked by referring to the zero 
order signal. This method was double checked through use of a HeNe laser standard 
and by measuring the absorption spectrum of the OPA beams through a control 
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sample and comparing it with the absorption spectrum of the same sample recorded 
using a Bruker Vector 70 FT-IR spectrometer. It was generally found that the OPAs 
were accurate to within 10 cm
-1
 of the reference values. Drifts could occur in the 
grating, BBO or DFM calibration even for slight OPA realignments. If an OPA had to 
be extensively realigned or if the configuration of an OPA was changed, a full 
recalibration was necessary. 
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Figure 5-11 Typical pulse energies vs. frequency achieved for an idler output OPA (top) and a DFM 
output OPA (bottom) recorded using a calibrated pyroelectric detector. The dip in output of the idler 
energy scan at 4200 cm
-1
 is where idler and signal seeding simultaneously occur. The dip in output at 
~2350 cm
-1
 is CO2 absorption. 
5-6 Sample handling 
Much of the initial interest in EVV 2DIR lay in its potential as a liquid phase 
technique. With the success in achieving EVV 2DIR from acetonitrile/CS2
3,5,6
 and 
early reports from other groups describing pump probe and photon echo 2DIR 
experiments on solution phase peptides
64,71,112,113
 and proteins
76,114
 there was a strong 
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drive towards achieving a working EVV 2DIR technique for liquid phase biological 
systems. The starting point was concentrated solutions of amino acids in D2O and the 
results of early studies unclear.
6,7
 Despite the developments in detection system and 
OPA automation reported in this chapter, studying amino acid and protein solutions 
continued to give ambiguous results (albeit with greater ease!). Identifying more 
appropriate samples to help understand the signals measured and test alterations made 
to experimental operation was crucial in achieving a working technique. This section 
describes some of the sample types used, with specific data presented in the following 
chapters. 
 
Given that the results of initial liquid phase amino acid studies were ambiguous, 
difficult reproduce and time consuming in terms of sample preparation it was decided 
to relax the requirement of working in the liquid phase and concentrate on achieving 
unambiguous EVV 2DIR spectra from any material other than CS2 and acetonitrile. 
From the basic rules of EVV 2DIR arising from fundamentals and combination 
bands
21
 it was expected to see a signal from the strong CH2 and CH3 group scissor and 
scissor + stretch bands common to many organic compounds.  
 
A natural choice of samples containing CH2/CH3 groups were simple organic plastics 
such as polyethylene (PE) and polypropylene (PP) in the form of sheets of varying 
thickness from microns to millimetres. Such samples were experimentally easy to 
handle and readily gave strong signals reproducible from day to day. Most 
importantly they had no windows, allowing in certain cases reasonable spectra to be 
taken even with the excitation pulses temporally overlapped. These factors meant that 
much time was spent exploring the 2DIR spectra of such basic samples, a process 
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through which the key developments in understanding how to obtain meaningful EVV 
2DIR spectra were made. Examination of the 2DIR spectrum of a compact disc case 
(polystyrene) provided the first indications that aromatic systems gave strong signals, 
giving cross peaks clearly separated from those of the aliphatic groups. 
 
With a greater rate of progress in the development of EVV 2DIR achieved through the 
use of solid materials, solid phase protein samples were sought. Kodak Wratten 
gelatine colour filters (gelatine being a form of collagen) gave strong signals, were 
easy to handle and gave reproducible results. For the filters investigated, no effects 
from the pigment were observable, providing a system that like the plastics was easy 
to use and therefore useful for exploring the EVV 2DIR technique.  
 
It was discovered that by drying droplets of protein or peptide solution on glass, thick 
films of protein could be created with strong EVV 2DIR signals observable in 
transmission. For the proteins examined, the 2DIR spectra were very similar to that of 
gelatine in the near infrared spectral region using the idler of OPA β. Upon closer 
study it became apparent that the 2DIR spectra showed variations that depended on 
aromatic amino acid content. The potential of this method for bio analysis was 
immediately recognised,
115
 beginning a major research effort described in Chapter 9 
into characterising peptide and protein films by 2DIR spectroscopy.
10,11,116
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Figure 5-12 TiO2 samples. Shown left is an 8 µm nanoporous TiO2 film deposited on a piece of 100 
µm glass etched in the centre to 25 µm in thickness. On the right is a 12 µm film, also on 100 µm glass 
that has been soaked in 30 µM Cytochrome C solution for several weeks.  
 
A number of other sample forms for biological systems were investigated. Several 
amino acids were examined in the form of single crystals. 2DIR spectra of the 
polyacrylamide gels used in 2D gel electrophoresis were also examined, the plan 
being to eventually measure protein signals from the dried 2D gels. Nanoporous TiO2 
had been demonstrated as a useful matrix for biological molecules, supporting 
proteins in pores of roughly 20 nm size and maintaining their biological activity.
117
 
Therefore optically transparent, nanoporous TiO2 was identified as a convenient 
sample support for EVV 2DIR studies
7
 and methods were developed to thin the glass 
substrate, (Figure 5-12) with the ultimate aim of performing measurements in 
reflection to avoid non resonant signal from the glass substrate.
118
 Reflection 
measurements described in Chapter 9 show that EVV 2DIR signal is observable from 
protein adsorbed in nanoporous TiO2. 
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Figure 5-13  Liquid sample cell assembly. Shown in blue is the sample, contained within a white 
spacer and sandwiched between two windows of CaF2, glass or sapphire. The windows are held 
together by compression. For protection and load distribution, 1 mm Teflon rings are placed between 
the windows and the cell casing.  The cell assembly used 22 mm diameter windows. 
 
Upon resolving the problems in achieving artefact free EVV 2DIR spectra described 
in this chapter, simple organic solvents were extensively studied. The type of solution 
cell used for the liquid phase work reported in this PhD thesis is shown in Figure 
5-13. The spacers for the cell were carefully cut using a scalpel and stencil from 
sheets of Teflon (Goodfellow) with thickness 10, 25, 100 or 500 µm. Filling the cell 
required an unblemished spacer, clean windows, uniform pressure whilst tightening 
the screws and perseverance. Bubbles were often present, occasionally drifting into 
the laser beams and if not properly sealed the liquid would leak out of the cell during 
an experiment. After the bulk of the experimental contributions to this PhD were 
made a much simpler sample cell assembly was discovered using windows that could 
fit into standard 1 inch lens mounts. The advantage of this was that the retaining ring 
could be easily screwed into the threaded mount to seal the cell. Using a ring spanner 
wrench made this a faster process than tightening individual screws, with the added 
benefit that equal pressure was automatically applied.  
 
The data presented in this thesis was collected at the ambient lab temperature of 19 C. 
Investigations into the cooling of the plastic and protein film samples were also 
undertaken. The cooling apparatus constructed for these purposes is shown in Figure 
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5-14. The design was based crudely on the cryogenic cooling jets used in x-ray 
diffraction studies. This system could cool a sample down to -120 C, as measured by 
placing a platinum resistor in contact with the sample. Aliphatic and aromatic cross 
peaks of plastics, peptides and proteins were examined however for the cross peaks 
observed, no effects in the 2DIR spectra were observed from the cooling. 
 
 
Figure 5-14 Apparatus developed for cooling plastic and protein film samples inside the EVV 2DIR 
experiment purge enclosure. (a) a 4 Ohm resistor immersed in a nitrogen Dewar acted as a heater. 12 V 
was applied to the resistor to generate boiloff nitrogen which exited the Dewar at the top through a 
copper tube. The tube was coated in polyurethane insulation up until point (b) where it was directed 
through the lid of the purge box and located directly above the sample position (c). 
 
5-7 The problem of spectral artifacts 
With the ability to rapidly collect 2DIR spectra from a variety of samples it was soon 
noticed that the cross peak positions were often not at frequencies corresponding to 
those measured by infrared absorption. Diagonal lines of cross peaks were frequently 
observed which for samples as simple as polyethylene film gave cross peaks in 
ωα frequency regions which contained no fundamental vibrational modes. An 
example of such a spectrum is shown in Figure 5-15 for polyethylene. Figure 5-15 
clearly shows a cross peak at 1520 cm
-1
, a frequency that does not correspond to any 
fundamental vibrational mode in a pure aliphatic system.  
(a) (b) 
(c) 
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Similar diagonal cross peak patterns were observed for many chemically different 
samples and the structure of these diagonal peaks recorded for each spectrum would 
vary over the period of a few days. With even simple samples not giving clear results, 
it was not certain whether the nonlinear signal was EVV 2DIR or not. The underlying 
causes of these effects were eventually understood and are the subject of the following 
three sections.  
 
Figure 5-15 EVV 2DIR spectrum of polyethylene film (commercial PE wrapping, thickness 20 µm). 
Note the cross peak at 1510 cm
-1
.  
 
Another puzzling aspect of the experiment was in the form of the cross correlations of 
the excitation pulses.  Four wave mixing cross correlations scanning the delay of Eγ 
with Eα and Eβ fixed and temporally overlapped with one another always gave a 
double peak structure, as shown in Figure 5-16 (a). This effect was found to be 
independent of the sample and was originally explained as some kind of stimulated 
Raman scattering effect in the sample windows.
6
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Figure 5-16 Cross correlation scans of the ωβ−ωα+ωγ four wave mixing signal from a CaF2 window. 
Shown in (a) is an Eγ scan for Eα and Eβ temporally overlapped. In (b) Eγ and Eβ are temporally 
overlapped and scanned simultaneously, giving the equivalent of an Eα delay scan.    
 
As previously mentioned, Eα cross correlations required both β and γ delays to be 
scanned together. Knowing the shape of the Eα pulse was of great interest and this 
became practical once the hardware became available and once the software was 
written to do this type of scan. Some results are shown in Figure 5-16 (b), indicating a 
very distorted pulse. Upon further investigation it was noticed that these effects 
disappeared when ωα was tuned above 2000 cm-1, indicating that the previously 
installed nitrogen purge was not effective in removing water vapour from the OPA α 
beampath. 
 
5-8 Removal of water vapour from the beam paths 
Figure 5-17 shows the FT-IR absorption spectrum of roughly one meter pathlength of 
atmospheric vapour. It can be seen that water vapour will absorb infrared radiation 
between 3500 and 4000 cm
-1
 and between 1250-2000 cm
-1
, with the strong narrow 
absorption at 2340 and 670 cm
-1
 due to CO2.  
 
As mentioned previously, the optical delivery enclosure and OPA α were flushed with 
nitrogen using flow rates of roughly 30 l/min. The effectiveness of the purge had not 
been previously explored, as the monochromator used for calibrating the OPAs and 
examining pulse shapes was originally located outside the purge enclosure 2 m from 
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the EVV 2DIR sample area. The monochromator was therefore moved to a position 
30 cm from the EVV 2DIR sample area and the delivery optics N2 purge enclosure 
was extended so that the monochromator could analyse the OPA α pulses inside the 
enclosure. The pulse spectrum obtained is shown in Figure 5-18 (a), the ‘holes’ in the 
lineshape due to water absorption. It was found that the spectrum was the same 
whether or not the nitrogen was flowing. This was a clear demonstration that the 
nitrogen purge was not at all effective.  
 
Figure 5-17 Absorption spectrum of roughly a 1 metre pathlength of atmospheric vapour recorded 
using a Bruker Vertex 70 spectrometer.  
 
As discussed in Section 4-1, there is a Fourier relationship between a short pulse’s 
frequency spectrum and its temporal profile. If ‘holes’ are knocked out of the pulse’s 
frequency spectrum like that shown in Figure 5-18 (a), a corresponding effect will be 
seen in the temporal profile. A short pulse is created through interference of fields 
across the bandwidth of the pulse and the removal of certain sub-bandwidths will 
lengthen the temporal profile, as shown in the OPA α cross correlation of Figure 5-18 
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(b). An additional GVD effect due to phase changes across the absorption profile also 
will occur. 
 
-4         -2          0          2          4          6
-4         -2          0          2          4          6
wavelength / nm
wavelength / nm
delay / ps
delay / ps
(a)
(c)
(b)
(d)
 
Figure 5-18 Examination of the effects of water vapour absorption on OPA α pulse spectrum and CaF2 
non resonant signal Eα cross correlation.  Graphs (a) and (b) show the pulse spectrum and cross 
correlation of the OPA α pulse after propagation through the experiment with an inadequate nitrogen 
purge. Graphs (c) and (d) show the pulse spectrum and cross correlation with an improved nitrogen 
purge.  Note 6650 nm = 1500 cm
-1
. 
 
With a very thorough application of materials such as masking tape and blu tac on 
every join and crack of the purge enclosure and OPA α box, the pulse spectrum and 
cross correlation was improved to the levels shown in Figure 5-18 (c) and (d). It was 
useful whilst performing this procedure to set the delay of Eα to 2-3 ps relative to 
Eβ and Eγ and to monitor the FWM cross correlation signal, which for a perfect 
Gaussian OPA α pulse should be very small at these delays. This provided a reference 
as to how much water vapour was present and upon stopping a leak, the signal would 
drop. Achieving a well sealed OPA α box was complicated by the many beam and 
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actuator output slots cut in the box. Initially, tape and polythene was used to seal the 
box however through use of silicone rubber and glass jars to cover the protruding 
actuators an improved seal was achieved. A dedicated nitrogen line piped into the 
OPA box was used, requiring flow rates less than 8 litres/min for stable OPA 
operation.   
 
Figure 5-19 Change in EVV 2DIR  spectrum of LDPE with increasing effectiveness of purge. (a) is the 
original purge, (b) is with extensive sealing of the optics delivery enclosure with tape and blu tac and 
(c) is with silicone sealant and glass/plastic covers on the OPA α box. All spectra were recorded with 
delays T12=T23=2 ps and Eα=pulse  1. 
 
Figure 5-19 shows 2D spectra of low density polyethylene recorded during this 
investigation. (a) shows a spectrum taken with purge but prior to improved sealing. 
(b) shows a spectrum taken after the cross correlation of Figure 5-18 (d) were 
achieved, showing a substantial reduction in spurious cross peaks. An even better 
purge was obtained with the silicone sealant on OPA α. An LDPE (low density 
polyethylene) 2DIR spectrum obtained after this improvement is shown in Figure 
5-19 (c). The improved purge enclosure as used for the experiments reported in this 
thesis is shown in Figure 5-20.   
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Figure 5-20 EVV 2DIR experiment purge enclosure. (a) is the sample area, shown here with the lid 
off. An inside-out rubber glove can be seen taped to the box on the lower side and was used for 
manipulating samples whilst the enclosure was purged. (b) is the monochromator used for pulse 
spectrum measurements. (c) shows the OPA α box. Note the application of tape and the jar attached to 
the actuator port with silicone. (d) shows the original Perspex enclosure. OPA α is coupled by use of a 
tube. OPA β was not purged and therefore coupled using a window attached to the purge enclosure.   
 
 
Figure 5-21 Explanation of purge induced 2DIR spectral artefacts. On the left is the correct form of the 
pulse sequence and its intended consequence – isolation of the EVV 2DIR pathway i). On the right is 
the pulse sequence with the Eα distorted, allowing CARS and pathways ii)+iii) to contribute the signal.  
 
An explanation of the purge induced 2DIR spectrum artifacts is shown in Figure 5-21. 
Pulse ordering and delays were typically used with the intention of isolating the single 
EVV 2DIR coherence pathway i) and suppressing singly resonant CARS and 
nonresonant signals. In practice the water absorption-broadened Eα  pulse had 
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significant temporal overlap with the Eβ pulse, allowing CARS, SIVE-IR, and EVV 
2DIR pathways ii) and iii) to contribute to the signal. The CARS signal requires only 
ωβ−ωα to be resonant with a vibrational mode, giving signals in IR regions with no IR 
modes. Due to the pulse broadening and sub-pulse positions changing as ωα was 
scanned through the water bands, these effects were modulated, giving false cross 
peaks.     
 
The final levels of reduction in water vapour obtained were adequate when samples 
gave EVV 2DIR signals of 1-10 photons per pulse. For high sensitivity work on 
proteins, the frequency dependent broadening was still introducing artifacts in the data 
for small EVV 2DIR signals. A positive nitrogen pressure was never observable from 
the purge enclosure. This was not surprising given the purge enclosure design and the 
methods used to seal it. The new experiment described in Chapter 10 features a new 
purge system design that will operate with a positive pressure. 
5-9 The use of pulse delays in EVV 2DIR  
As discussed in Section 3-4, if the lineshapes of the spectral features of interest are 
narrower than the bandwidth of the excitation pulses used, it is possible to introduce 
delays T12 and T23 between the excitation pulses to select coherence pathways and 
remove non resonant processes. If Eα is chosen as pulse 1 this results in the selection 
of coherence pathway i), the removal of non resonant and singly resonant background 
processes, the narrowing of cross peaks and removal of broad bandwidth excitations. 
The previous section described how this selection process was initially prevented due 
to broadening of the Eα pulses. In this section the manner in which pulse delays can 
clean up 2DIR spectra is demonstrated.   
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Figure 5-22 Demonstration of the difference between collecting EVV 2DIR spectra at ‘T0’ (T12=T23=0) 
and using nonzero delays to suppress non resonant background processes, shown in (A) for a liquid cell 
containing octane and (B) for a polyhistidine film mounted on a glass substrate.  
 
Figure 5-22 provides two examples of the difference between collecting EVV 2DIR 
spectra with zero delay and non zero T12/T23 delay. The zero delay spectra are clearly 
blurred and distorted.  
 
Figure 5-23 EVV 2DIR spectra of benzene taken with varying T12 delay and T23 fixed at 1.0 ps. Eα is 
pulse 1. A 100 µm pathlength cell with 2 mm CaF2 windows was used for this acquisition. The peak 
signal of the T12=2.5 ps is six times smaller than that at T12=0 ps. 
 
Figure 5-23 shows a sequence of EVV 2DIR spectra of benzene collected with 
varying T12 delay. Such acquisitions were routinely run to select the best set of delays 
for further studies. It can be seen that as T12 increases to a value larger than the laser 
pulse-width, the diagonal line from singly resonant CARS disappears. Finding the 
optimum set of delays for data collection was found to be a compromise between the 
clearing up of the spectrum and retaining adequate signal to noise. Delays of between 
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1.5 - 2.0 ps were usually adequate, though this depended on the coherence lifetimes of 
the signal of interest. In Figure 5-23 there is only a six-fold drop in signal in going 
from T12=0 to T12=2.5 ps however for many samples the decays were much faster.   
 
Figure 5-24 EVV 2DIR spectra of toluene collected with varying T12 and T23 delays. Delays in red font 
are Eβ = pulse 1. Delays in yellow font are Eα = pulse 1. A 100 µm pathlength cell with 2 mm CaF2 
windows was used for this acquisition. 
 
Examining series of EVV 2DIR spectra at different delays was an informative 
diagnostic for new samples. Peaks lying close to one another were sometimes found 
to interfere, giving quantum beating upon scanning the delays. These emerged in 
2DIR spectra as time dependent cross peak shape changes (see for example the 
spectra of arginine in Section 6-8). The set of 2DIR spectra for toluene shown in 
Figure 5-24 demonstrate how the non resonant background and phase matching 
effects change the 2DIR spectrum around zero delay. The elongated cross peaks split 
by the anharmonicity of the states probed can also be seen for the Eβ=pulse 1 
examples.  
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5-10 Beam pointing changes and delay corrections 
An unfortunate limitation of using BBO OPG and AgGaS2 DFM for generation of 
variable frequency infrared picosecond pulses was that upon scanning the output 
frequency, the changing phase matching angles of the crystals produced a 
displacement in the beam pointing, as shown in Figure 5-25. For the 4 mm AgGaS2 
crystals used in this thesis, these displacements were 1-2 mm over the scan range.  
 
Figure 5-25 Beam displacement caused by crystal angle changes 
 
It was found that with these beam displacements, the frequency scan range was 
limited by the delivery optics, in particular the spatial filters and final focussing lenses 
because the focussing degraded as the beams drifted off the lens centre (spherical 
aberration and coma). Typically, the EVV 2DIR experiment would be aligned for 
fixed OPA α and OPA β frequencies using nonresonant window signal. An 
experiment aligned for an OPA operating at 1450 cm
-1
 with a scan range of ± 50 cm
-1
 
would give a drop in output of 25% at either end of the scan range. For a ± 100 cm
-1
 
scan range a drop of around 90% was observed, with the signal decreasing very 
rapidly for larger scan ranges. At 3000 cm
-1
 the situation was more favourable, as the 
DFM crystal was closer to the zero angle and a scan range of ± 300 cm
-1
 could be 
achieved. An OPA in idler operation could be scanned to give EVV 2DIR spectra 
over a wider range of ± 500 cm
-1
.  
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The limited scan ranges meant that changing 2DIR spectral regions required a 
delivery optics realignment. Data collection at very large phase matching angles 
(1100-1300 cm
-1
) was also difficult as the scan range giving signal was only a few 
tens of wavenumbers. A re-alignment was typically achieved by monitoring 
nonresonant four wave mixing signal whilst stepping the frequency, walking the 
pointing mirrors and checking the pulse delays in a cyclic fashion. Various attempts 
were made to make scan range changes easier. The use of compensation plates and 
quad pyro alignments had been investigated
6
 but because of the very large refractive 
index of AgGaS2, the required angle changes of the 4 mm thick CaF2 windows used 
were too large. Differential micrometers were installed on sets of mirrors prior to the 
spatial filters and a calibration table was made however the process of making and 
using the table was found to be as time consuming as the mirror walking process 
described above. Described in Chapter 10 is a new experiment under construction 
which will use computer controlled mirrors to perform the beam alignments. 
 
Figure 5-26 Changes in pulse delay for ωα and ωβ OPA scans, measured using nonresonant CaF2 
window signal cross correlations. The continuous red line on each graph is a third order polynomial fit 
used for calibration the 2D spectrum scanning software. 
 
The changes in beam displacement across a 2D spectral scan were found to cause 
substantial changes in pulse delay. These delays were accurately measured through 
nonresonant CaF2 window cross correlations and are shown in Figure 5-26.  
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The software created for collecting 2D spectra (described in the final section of this 
chapter) was adapted to include a delay stage change for each OPA frequency to 
correct for the pulse delay. The corrections were calculated from a 3
rd
 order 
polynomial fit to the delay vs. frequency curves. It was found that the calibration 
curve changed with realignment of an OPA or of the delivery optics. Figure 5-27 
shows the effect of the delay corrections on a 2DIR spectrum of aniline (Ar-NH2). It 
can be seen that the cross peak in the uncorrected scan at ~1420 cm
-1
 is probably an 
artifact caused by the pathway discrimination failing because the T12 delay has 
narrowed. The opposite effect is seen at 1620 cm
-1
 where a weak but real ring 
breathing feature is missed in the uncorrected spectrum because T12 has increased 
beyond the nominal level of 1.5 ps.  
 
Figure 5-27 Demonstration of the effect of pulse delay varying with frequency. On the left is a EVV 
2DIR spectrum of aniline collected with the delay stages fixed and hence the pulse delays not 
corrected. On the right is a scan using delay stage corrections. Both spectra are taken with nominal 
delays of T12=1.5 ps, T23=1.8 ps set at 1500, 3100 cm
-1
 and Eα=pulse 1. 
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Shown in Figure 5-28 is the nonresonant signal of a CaF2 window over the commonly 
used scan range of 2700-3400 cm
-1
 and 1300-1700 cm
-1
. The delay corrections have 
been applied. The spectral variations in nonresonant FWM signal was due to a 
complex combination of reduced transmission through the spatial filter, reduced 
overlap at the sample, OPA pulse energy variation with frequency (see Figure 5-11) 
and to a lesser extent phase matching. Very little delay was seen in OPA idler 
scanning and the nonresonant FWM output for varying ωβ largely followed the idler 
energy. 
 
Figure 5-28 Non resonant window signal across OPA scan ranges with the optical alignments set for 
3000 cm
-1
 (ωβ) and 1450 cm
-1
 (ωα). The varying delay of the pulses with frequency has been corrected 
for. 
 
5-11 Phase matching and absorption I. Aromatic and aliphatic modes  
The expressions describing phase matching for liquid sample cells presented in 
Section 2-3 predict that in addition to the appearance of the nonlinear EVV 2DIR 
resonances generating cross peaks in a 2D spectrum, the linear dispersion and 
absorption of the sample will cause the amplitude of the output field to vary across a 
spectrum in a complicated manner, with sample pathlength and phase mismatch 
dictating the extent of these changes. Phase matching of EVV 2DIR signal has unique 
constraints compared with photon echo 2DIR because the input beams are of widely 
1300 1400 1500 1600 1700
0.0
0.2
0.4
0.6
0.8
1.0
2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
0.6
0.8
1.0
1.2
1.4
1.6
ωβ / cm-1 ωα / cm-1
ωα =1450 cm-1ωβ =3000 cm-1
n
o
n
 r
e
s
o
n
a
n
t 
F
W
M
 s
ig
n
a
l
n
o
n
 r
e
s
o
n
a
n
t 
F
W
M
 s
ig
n
a
l
Chapter 5. The EVV 2DIR experiment: Operation and development                                                                                
   
 
 160 
different frequencies. It was therefore important to explore the effects of sample 
thickness on the EVV 2DIR spectra for a variety of samples and compare the 
observed effects with suitable models.  
 
Figure 5-29 Aniline EVV 2DIR spectra taken using sample cells with 2mm CaF2 windows and two 
different sample pathlengths of 10 and 100 µm. Both spectra were collected using delays T12=2 ps, 
T23=1.7 ps and Eα=pulse 1. Shown on the right is Aniline’s FT-IR spectrum measured using the 10 µm 
sample. The optical density of the 1500 cm
-1
 peak is 2. The aniline used was from Aldrich (purity > 
99%, T=292K) and used with no further purification. 
 
The experimental results and modelling presented in this section indicate that artifacts 
can occur in spectral features around strong resonances and so to achieve the most 
accurate 2DIR spectra, samples as thin/dilute as possible should be used and new 
peaks should be checked rigorously with existing spectral data and theoretical 
predictions.  
 
Shown in Figure 5-29 are EVV 2DIR spectra of 100 and 10 µm pathlengths of aniline 
(Phe-NH2) recorded with identical delays. The most obvious differences are that the 
10 µm pathlength 2DIR spectrum shows an additional cross peak structure which is 
not seen in the 100 µm pathlength spectrum. The extra peak appears on the red side of 
the strong ring breathing absorption at 1500 cm
-1
,
119
 shown in the FT-IR spectrum of 
Figure 5-29. The signal of the strongest EVV 2DIR feature in the 100 µm spectrum 
was measured to be 25 times higher than that of the 10 µm spectrum, a factor of four 
lower than would be expected from the L
2
 dependence for a phase matched sample, 
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indicating ∆k > 0 and/or significant infrared absorption. Compared with the FT-IR 
spectrum the ring breathing cross peak is also blue shifted in both EVV 2DIR spectra 
(see Table 5-1), the shifting greater for the 100 µm pathlength spectrum.  
 
Figure 5-30 Benzene EVV 2DIR spectra collected using sample cells with two different sample 
pathlengths of 10 and 100 µm. Both spectra were collected using delays T12=2 ps, T23=1.7 ps and 
Eα=pulse 1. The FT-IR spectrum of benzene can be seen in Figure 7-1. 
 
 
Aniline 
ωα/cm
-1 
Aniline 
ωβ/cm
-1 
Benzene 
ωα/cm
-1
 
Benzene 
ωβ/cm
-1
 
FT-IR         1500 ? 1480 3090
a 
EVV 2DIR 10 µm 
cell 
1520 3105 1500 3090-3100
b 
EVV 2DIR 100 µm 
cell 
1530 3115 1500 3090-3100
b 
 
Table 5-1 Comparison of EVV 2DIR cross peak positions and FT-IR values. 
a
 This is an estimate from 
the literature
120
 based on band fitting procedures. 
b
The 3090 cm
-1
 EVV 2DIR benzene measurement 
was found to vary by 10-15 cm
-1
. As shown in Chapter 7, this was mainly due to interferences between 
two closely lying cross peaks. 
 
Further examples of cell thickness effects can be seen in the 2DIR spectra of benzene 
shown in Figure 5-30, the main features differences being the very strong vertical 
signals in the optically thick cell. The benzene blue shifts are shown alongside 
aniline’s in Table 5-1. Only a 6 fold increase in peak signal between the 10 and 100 
µm benzene cells was observed, indicating a very poor phase match. Given that the 
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beam geometry used was the same for that of aniline, this is probably due to the 
greater refractive index change of benzene. 
 
 
The blue shift effects seen in benzene and aniline spectra were observed in many of 
the samples studied. Typical values were 20 cm
-1
 for liquids in sample cells and 10-15 
cm
-1
 for plastics. These shifts are still not fully understood. What follows is an 
assessment of whether phase matching effects are the cause. 
 
Phase Matching Model 
Section 2-3 discussed the manner in which the output field is generated from the 
polarisation across a sample of finite length L. In Section 3-3 it was demonstrated that 
for the case of homogeneous broadening, the frequency domain response of a 
polarisation driven according to the EVV 2DIR scheme is described by a Lorentzian 
lineshape during the driven phase. It is shown in 7-8 that the cross peaks have a 
Gaussian lineshape during the free induction decay phase. Using the free decay 
response and Equation 2-25 gives: 
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          Equation 5-3 
 
This equation describes the EVV 2DIR signal from a windowless sample such as the 
plastic sheets studied. In keeping with the experimental results of this thesis, 
wavenumber units are used for frequency, where ω (cm-1)= ω ( rad s-1) / 2π c (cm s-1). 
For the case of a polarisation linear in applied field, the refractive index experienced 
by a field propagating through a medium with a single resonance a is given by:
121
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          Equation 5-4 
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Aa is the amplitude of the response, Γa the width and ωa the resonant frequency. The 
dispersion ( 'n  ) and absorption ( ''n ) are given by the real and imaginary parts of 
Equation 5-4, giving the following dispersion and absorption relations: 
      ωωπ )(' 2 nk =      and        ωωπα )('' 2 in−=   
 
The geometry of the EVV 2DIR excitation beams is assumed constant during data 
acquisition and the angles fixed at values optimal for the case of zero dispersion. For 
the following models, the collinear beam expression for estimating the phase 
mismatch is used (the results with angled beams are identical): 
       ))(')(')(')('( 2 δδγγααββ ωωωωωωωωπ nnnnk −+−=∆  
          Equation 5-5 
 
In practice there will be slight angle changes in the beams derived from the OPAs 
which could be incorporated into a more rigorous model. Neglecting visible beam 
absorption, the total absorption is: 
        ))('')(''( 2 ααββ ωωωωπα nn +−=∆  
          Equation 5-6 
  
Reasonable choices of model parameters are as follows. For aromatic ring breathing 
band cross peaks such as those observed for benzene and aniline, refractive index 
variations ∆n’’ of between 0.1 and 0.2 are typical. The aliphatic deformation modes 
are also of similar size. This is a relatively large shift, however cases such as the 
amide I and aromatic out of plane ring bending modes show variations across the 
band that are a whole order of magnitude greater.
120,122-124
 The case of OPA β 
operated in the near IR is considered and the dispersion of ωβ therefore neglected. For 
the EVV 2DIR experiments presented in this PhD thesis, ωγ was fixed at 12658 cm-1. 
Therefore ωδ was output in the region 14000-15500 cm-1 region. Neglecting refractive 
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index variation of ωδ over a 2D scan and taking n∞ = 1.5 for benzene, the following 
values of the visible beam refractive indices are obtained: nγ  ≈ 1.52 and nδ ≈ 1.53.
125
 
 
We consider scenarios where pulse delays are being used, giving Gaussian 
polarisation responses in the frequency domain from freely decaying coherences, with 
widths approaching that of the IR absorption lineshape. Solutions of Equation 5-3 for 
several sample thicknesses with model parameters representative of experimental 
conditions are shown in Figure 5-31. The model can be seen to give a blue shift of 8 
cm
-1
 for the models using samples of thickness 10 µm or greater. 
 
Figure 5-31 Lineshape simulations for four different sample thicknesses using Equation 5-3 and 
Equation 5-4. Parameters used were Ac=0.01, Aa=2, Γc=12 cm
-1
, Γa=6 cm
-1
, n∞=1.5, nγ=1.52 and 
nδ =1.54. Using the response function results for 1.5 ps pulse delays of Section 7-8, the σ1 and σ2 
values used to describe the width of the cross peak were 9 and 15 cm
-1
.   
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To gain insight into this curious behaviour it is informative to look at the phase 
matching term M
2
, as shown in Figure 5-32. Note that the variation of M
2
 as ωα is 
scanned through resonance is both absorptive and dispersive and it can be seen how 
the phase match efficiency is larger in the top right hand quadrant of the cross peak. If 
nδ is made less than nγ (anomalous dispersion), the symmetry of the M
2
 plot is 
inverted and the cross peak shifts red of the resonance frequencies.  
 
Figure 5-32  Contour plot of phase match term ‘M
2
’ for a 100 µm sample thickness and the same 
parameters used in Figure 5-31. The region within the ring represents the Gaussian response of 
the polarisation. It can be seen how the product of the Gaussian response and the phase match term 
gives maximum signal in the upper right quadrant. As can be seen from the contour levels, the phase 
matching efficiency is very low, equal to 5 x 10
-7
 ÷ 0.01 cm  = 5 x 10
-5
. 
 
Situations arise where the cross peak splits, as shown in Figure 5-31 for the 10 µm 
sample thickness model. It was found that the intensity of the split peak on the red 
side oscillated in intensity with increasing value of the phase mismatch, as shown in 
Figure 5-33. Although this phenomenon might be occurring in the 10 µm 2DIR 
spectrum of aniline (Figure 5-29), this behaviour was in general not observed in 
experimental EVV 2DIR spectra, indicating that the phase matching model of 
Equation 5-3 is not the full story. Because the sample lengths and the IR wavelengths 
are comparable, it is possible that the slowly varying envelope approximation used to 
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derive Equation 2-24 and Equation 2-25 is not valid under the EVV 2DIR excitation 
conditions and future investigations should take this into account. 
 
Figure 5-33 Lineshape simulations calculated using Equation 5-3 and Equation 5-4 for four phase 
mismatch values based on increasing the difference between nγ and nδ , denoted on the graphs as ‘∆n’. 
The simulation used a 10 µm sample thickness and the same parameters described in Figure 5-31.   
 
Despite showing odd splitting peak splitting behaviour, the phase match modelling 
clearly shows that the absorptive and dispersive behaviour for vibrational resonances 
is large enough to have an effect on the 2DIR spectrum and the cross peak blue shift 
could be caused by this. Note that there is no 2D selectivity in the distortions as they 
arise from the entire vibrational manifold active over the selected frequency range. 
The flatter the absorption features are relative to the excitation pulse bandwidth, the 
less the cross peak is distorted. Adding strong, narrow refractive index changes along 
ωβ introduces further complications in the splittings. This was borne out 
experimentally when comparing spectra collected with the ωβ frequency scanned in 
the near IR with those collected in the strong CH stretch region. 
 
As seen in many of the 2DIR spectra of Chapters 6 and 7, the polarisation response 
does not always display a tilt in 2D spectra. With a choice of ‘untilted’ response, the 
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results in this section are still valid however the blue shift is projected purely onto the 
ωα axis. Nonlinear variations in refractive index (see Equation 12-2) were also 
explored and found to subtly affect the 2DIR lineshape. 
 
As was discussed in Section 3-4 for systems with inhomogeneous broadening greater 
than the laser pulse bandwidths, there is no free induction decay for pulse delay times 
outside pulse overlap. The polarisation frequency response for an inhomogeneously 
broadened lineshape has the full bandwidth of the laser pulses. When working in such 
a regime, a large non resonant background may be present. Such a background is also 
subject to the phase matching of the sample and interferes with the EVV 2DIR signal. 
Figure 5-32 shows that the signal for a background across the scan range follows a 
vertical line at ωα =10 cm-1 and is suppressed in the region of the cross peak. Such an 
effect could easily be mistaken for the singly vibrationally resonant process SIVE-
FWM however SIVE-FWM would show a lifetime for increasing T12 delays.  
 
The benzene and aniline spectra previously presented were collected using 2 ps pulse 
delays. It was confirmed that the nonresonant signal level in the cross peak locations 
was negligible by comparing the signal levels with that observed for an empty cell. 
However the 10 cm
-1
 line of Figure 5-32 indicates that the solvent can improve the 
phase matching of the nonresonant background, making it possible that the vertical 
lines observed in the benzene spectrum are in fact nonresonant background.  
 
Preliminary studies including window contributions to the phase mismatch were 
found to increase the splitting and blue shift to 20-30 cm
-1
. Further investigations and 
modelling are necessary to draw concrete conclusions. Another possibility to 
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investigate is that the strong dispersion experienced by the pulse in the region of 
anomalous dispersion will produce a negative pulse chirp, reducing the T12 delay of 
the red component of the pulse which is closest to resonance, therefore giving a 
stronger signal than would be expected. The delays are likely to be 10-100 fs for 10-
100 µm sample thicknesses and refractive index changes of 0.3. This effect should be 
explored in the future by use of cross correlations of ωα after propagation through a 
sample. Other nonlinear effects such as self phase modulation occurring in the 
windows are also possibilities. 
 
The observation of cross peak blue-shifts in the 2DIR spectra of the many different 
samples explored for this PhD thesis preceded the proposed explanation presented in 
this section. Due to the scope of the investigations of Wright et al, the cross peak blue 
shifts reported here were previously neither observed nor modelled. Published work 
on phase matching effects in EVV 2DIR however specifically examined window 
contributions,
13
 SIVE features
126
 and the EVV 2DIR spectrum of acetonitrile.
127
 
 
5-12 Phase matching and absorption II. Amide I and II modes 
As mentioned previously, the peak refractive index changes of amide I and II bands 
are an order of magnitude higher than those of benzene and have inhomogeneous 
linewidths of 20-50 cm
-1
.
123,124
 This implies that for the 1.0 ps (~20 cm
-1
) FWHM 
pulses used, amide bands will not give EVV 2DIR signal for delays outside of the 
pulse overlap, in agreement with experimental observations. Because no signal 
outside the pulse overlap could be observed, for the least ambiguity it was 
advantageous in investigations of amide modes to use windowless / substrate-less 
samples for minimising the nonresonant background. Amide I bands are typically 
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found in infrared absorption spectra at 1650±30 cm
-1
 and amide II at 1550±30 cm
-1
, 
however the EVV 2DIR spectra collected from proteins often displayed broad features 
at frequencies NOT  characteristic of amide bands. 
 
Figure 5-34 2DIR spectrum of nylon and collagen films (25 µm and 100 µm thick). Both spectra were 
collected with delays T12=T23=0. The precise position of the large cross peak structure around 1600  
cm
-1
 was sensitive to the pointing of the input beams, displaying variations of ±25 cm
-1
. The EVV 
2DIR signal along ωβ is from combination bands of amide and backbone/sidechain CH stretch modes.  
 
An investigation on 25 µm 6-4-polyamide film (Goodfellow, nylon) and gelatine (100 
µm Kodak Wratten filter, yellow) was carried out. Nylon was a useful model ‘protein’ 
because of its relative simplicity, comprising only methylene and peptide units. 
Shown in Figure 5-34 are representative 2D spectra of these compounds with OPA β 
operating in the near IR. It can be seen that the signal occurs precisely in between the 
amide mode frequencies, indicating that the dispersion on resonance massively 
attenuates the signal. The exact position of the cross peak structure along ωα~1600 
cm
-1
 was found to be extremely sensitive to input beam pointing. The double peak 
structure along ωβ was observed for genuine cross peaks lower in ωα (see Chapter 9, 
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Section 9-7) indicating that the nonlinear signal observed for ωα values around amide 
I and II was in fact EVV 2DIR, but hugely distorted and attenuated through phase 
matching errors. The EVV 2DIR signal recovered at ωα>1700 cm-1 and by 1800 cm-1 
had reached the largest size seen over the course of the PhD research. 
 
The effect of absorption/dispersion on the amide I and II EVV 2DIR cross peaks was 
further understood by examining the transmission of the ωα beam through nylon, 
shown in Figure 5-35. The increase in transmission at 1600 cm
-1
 coincides with the 
peak seen in the 2DIR spectrum, as does the increase blue of 1650 cm
-1
. A typical 
amide film will have roughly an OD of 1 for every 2 µm pathlength, indicating that 
little signal is generated beyond this thickness. This observation was supported by 
simulation, the improvement in signal with a thickness change from 2 µm to 200 µm 
was only a factor of 5.  
 
These calculations indicate that an undistorted amide I cross peak might be observed 
from a thin film or diluted solution of amide containing species. Due to the 
requirement of collecting data around zero delay, the experiments would ideally be 
performed by using extremely thin sample windows or substrate. An even more 
reliable representation of the cross peak shape would be achieved using femtosecond 
pulses and pulse delays to remove the nonresonant background. 
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Figure 5-35 Transmission of ωα through 10 µm nylon sample. The transmission minima at 1550 and 
1650 cm
-1
 are the amide II and I bands. 
 
Thus in the experimental configurations reported so far, it is possible to measure 
amide I and II EVV 2DIR signal however it is not possible to reliably measure amide 
I cross peaks. The strong absorption/dispersion over the amide I band will also 
prevent EVV 2DIR from selecting signal from other species unless they are as strong 
as amide and have a different ωβ frequency.  
 
5-13 Integrated software control and the experiment operational 
routine 
This section describes the Labview software control developed to collect most of the 
data presented in this thesis and the typical operational protocols used for routine 
setting up of the experiment. The software could be divided into four different types 
of programs, each with the functionality described below in bullets and forming the 
basis for a more rigorous 2DIR platform developed later by Barnett. 
1) ‘2D Autoscan’. For a flow diagram describing this software, refer to Figure 5-36.     
• OPA α and OPA β were scanned in a two dimensional frequency grid.  
This was achieved using a double FOR loop structure, one loop inside the 
other with dimensions determined by user input frequency parameters ‘scan 
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start’, ‘scan end’ and ‘increment’. The inner loop was chosen to control OPA 
β. The conversion of input wavenumber to actuator positions was achieved 
using the calibrations described in Section 5-5. An optional delay correction 
could be applied for each frequency point through the use of the calibrations 
described in Section 5-10.  
 
• For each OPA α and OPA β frequency combination, voltages were sampled 
and digitised n times at 1 KHz from the sample/hold units reading the PM 
signal/diagnostics detectors. They were averaged and added to an array at a 
position referenced to the OPA frequencies. 1D graphs of PM signal and the 
OPA α, OPA β and regenerative amplifier outputs were plotted against 
wavenumber in real time on a page of the Labview front panel for the user to 
monitor. On a separate page, a pixel plot of the 2DIR spectrum was generated. 
An option of taking the ratio of PM signal to OPA α, OPA β and regenerative 
amplifier signal was provided if corrections for changes in laser performance 
with frequency and time were required. 
 
• Prior to activating a 2D spectral scan, the following parameters could be set. 
The amount of signal averaging, frequency scan range, Eα and Eγ  delays, the 
detection source (gated integrator or Lockin detector), whether or not to ratio 
and OPA and delay stage calibration coefficients.  
 
• When each 2D spectrum was finished, the option of saving the data to a 
specified destination in the form of an ASCII file with a specified filename 
was provided. 
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• A variation of 2D autoscan was created. In addition to the double FOR loops 
for frequency scanning two nested FOR loops for stepping the delay stages 
were added. This allowed 2DIR spectra to be collected sequentially at different 
T12 and T23 delay times. The software could record 2DIR spectra for 25 
different delay combinations. Each 2DIR spectrum was plotted in real time on 
dedicated pixel plots viewed on the front panel and saved upon completion, 
with a logic network created to designate each 2DIR spectrum to a specific 
pixel plot. 
Step OPA α
Correct the
Eα delay
Collect n samples at
1 KHz from channels:
1) OPA β
2) OPA α
3) Regen
4) PM 
Step OPA β
Correct the
Eβ delay
User input:
Scan range
Delay stage positions
Detection Scheme
Calibration coefficients
Calculate average, 
signal ratio and 
standard deviations. 
Add data to arrays
and update 1D graphs 
Create data arrays:
1) DOVE signal
2) OPA α signal
3) OPA β signal
4) Regen signal
5) Wavenumbers  
Do OPA β
loop i times
Do OPA α
loop j timesdone
done
Update 2D
graph
Save 2D
signal array
done
 
Figure 5-36  Flow diagram explaining the general operation of the basic version of 2Dautoscan 
 
2) ‘Multidelaystage’ 
• This software was designed to scan the Eα and Eγ delay stages and record/plot 
the PM and diagnostics detector signals for each point in a similar manner to 
that of 2D autoscan. Versions were written to scan either the Eα or Eγ , scan 
them simultaneously and perform a 2D scan with a pixel plot displaying the 
output. 
 
3) ‘Beam and signal analysis’ 
• The purpose of this software was to measure and continuously plot the output 
of the PM and diagnostics S/H units, giving signal vs. time graphs in real time. 
Plotted on a 21 inch LCD monitor the graphs could be easily seen from several 
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meters away, making this simple application extremely useful for alignment 
and adjustment of the EVV 2DIR experiment and also for adjustment of the 
lasers.  
 
4) OPA calibration software. 
• A description of this software is contained in Section 5-5 
 
Experiment operational routine  
Operational routines of the EVV 2DIR spectrometer inevitably varied depending on 
the types of experiments performed. A rough procedure established for daily 
operation is outlined here.  
 
1) Laser switch on, warmup and checks.  
The performance of the OPAs and the regenerative amplifier pulse energies were 
monitored using ‘beam and signal analysis’. After switch-on took it took between 30 
and 90 minutes for stabilisation in pulse energy to be achieved. If the OPA 
performance in terms of energy/noise measured by the diagnostic detectors was below 
average for the frequencies used, the regenerative amplifier diagnostic detector was 
first checked and if necessary, the regenerative amplifier was adjusted. If satisfactory 
operation of the regenerative amplifier was observed, the OPA outputs were directly 
checked with the Molectron EPM1000 power meter and if necessary adjusted. Normal 
OPA operation indicated that the delivery optics were out of alignment, usually due to 
temperature changes in the lab or perturbations to the optical bench. Along with the 
diagnostic detectors, measurement of a 2 mm CaF2 window nonresonant FWM signal 
at a standard PM gain provided a measure of how well aligned the experiment was. If 
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there was no signal, a full alignment procedure as outlined in Section 5-3 was 
necessary.   
 
2) Delivery optics alignment. 
Assuming observation of nonresonant FWM signal but poor PM and diagnostic 
detector signal levels, the alignment of the problem beamline(s) was performed by 
checking the beam was centred on the delivery lenses with liquid crystal paper or 
white card, walking the beams (two mirror adjustments) prior to the spatial filter and 
monitoring both the FWM and the diagnostic detector signals whilst attempting to 
maximise the diagnostic detector signal without losing the FWM signal. Once this 
was achieved, the FWM signal could be improved by scanning the Eβ and Eγ delays 
and adjusting the final mirrors prior to the sample. The calibration of delay vs. 
frequency was then checked and adjustments made if necessary. If necessary the Eγ  
beam’s polarisation could be rotated with a half wave plate and the Eβ polarisation 
with a periscope 
 
3) Spectral region change 
If a new spectral region was to be examined, the following procedure was applied to 
each beamline in turn. If the change in spectral range caused a change of more than 30 
nm in output signal wavelength (λδ), the band pass filter was removed from the PM. 
The pulse delays were then set to zero and the OPA frequency stepped in increments 
of 10-100 cm
-1
 whilst monitoring the loss of nonresonant FWM signal from a CaF2 
window. Once the signal had dropped to near zero because of the drop in transmission 
through the spatial filter and loss of overlap at the sample, the stepping was halted and 
the delivery optics alignment protocol (see 2)) performed. The process was repeated 
until the desired spectral range had been reached. The Galilean telescope and sample 
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mirrors were then adjusted for best FWM signal. For measurement of the new output 
wavelength range of λδ, a 40 nm bandpass filter was chosen from a selection of 
different centre wavelength filters. 
 
Having the FWM signal as a reference to optimise on meant that the alignment was 
never far from optimal. If the OPAs were taken to their final operating frequencies in 
one step, the FWM signal would be lost and the more time consuming process of 
inserting detectors and aligning the spatial filter, aligning the beam on the pinhole at 
the sample and searching for temporal overlap had to be performed.. 
 
3) Purge check 
The nitrogen flow rate from the boil-off supply was maximised at 30 l/min and the 
performance of OPA α checked and its purge reduced if necessary.  For experiments 
on samples with strong signals, a 20 minute wait was usually adequate for the water 
vapour to be expelled from the purge box and OPA. Sample changes were achieved 
by untaping the sample area lid corner and quickly installing the sample. The 
effectiveness of the purge was then checked using Eα  cross correlations. 
 
4) Sample alignment and examination 
Installation of a new sample required monitoring the FWM signal and translating the 
sample towards and away from the beams to find the optimum position in the focus. 
For protein films, a further translation of the sample across the beam path was made 
to find the optimum position on the film for signal generation. This process was 
usually carried out with delays of 1-2 ps between the beams to isolate EVV 2DIR 
signal, so the manipulation of the translation stages was often carried out using a 
rubber glove attached to the side of the sample area. During this process, 1D Eβ scans 
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were recorded to be sure that the signal being optimised for was EVV 2DIR and not 
window or substrate signal. Further checks on the signal for χ(2) processes were made 
by blocking each beam in turn.  
 
5) 2D spectrum collection 
With a satisfactory sample alignment, the final procedure prior to data collection was    
to set the PM gain and decide how much signal averaging would be necessary for 
each datapoint of the scan to be made. For small EVV 2DIR signals, higher PM gains 
gave better signal to noise, but a gain set too high would saturate the gated integrator.  
The number of samples for each data point was set to give acceptable levels of shot 
noise (typically < 10%) but not require more signal averaging than necessary, as the 
time overheads for collecting 2D spectra could easily become very large. The number 
of samples required was usually estimated by recording a 1D ωβ scan over the region 
containing the cross peaks of interest. An examination of the point to point noise gave 
an indication of how many samples per point were necessary, values ranging from 
100 to 2000 typically chosen. Working with untested samples required a trial and 
error approach, searching for cross peaks first through a series of 1D ωβ scans for 
varying ωα values and then experimenting with PM gains, signal averaging values and 
pulse delays. In future, a software routine to automatically change the PM gain and 
signal averaging depending on the signal size would be useful. 
 
5) 2D spectrum viewing 
Most of the 2D spectra shown in this thesis are displayed in contour plot form, drawn 
using the Origin 7.0 package. For in-situ observations, the Labview software 
contained a 3D plotting facility for making pixel plots with fully adjustable colour 
levels. For most data, the contour plots displayed more information about the cross 
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peak shapes however there are some cases where the adjustable colour levels of the 
pixel plots allowed a greater dynamic range of data to be displayed on one 2D 
spectrum. All 2DIR spectra collected were stored as pixel plots and during data 
collection, the levels of the plot were periodically adjusted so as to make sure that all 
features were included in the spectrum for later reference. 
Chapter 6. EVV 2DIR spectroscopy 1.  Organic compounds                                                                                                       
   
 
 179 
 
Chapter 6. EVV 2DIR spectroscopy 1.  
Organic compounds 
It was almost completely unknown at the beginning of the research for this PhD what 
the EVV 2DIR spectra for common chemical systems would look like. The previous 
reports on CS2 and acetonitrile represented highly simplified systems and for the 
reasons described in Chapter 5, the amino acid studies preceding this work
6,7
 did not 
give results that could be readily understood or reproduced. Once a working 
experiment was achieved, a variety of chemically different samples were explored to 
build up an analytical ‘picture’ of the EVV 2DIR technique, providing the experience 
necessary for further studies on more challenging systems such as proteins and 
peptides. These studies are the subject of this Chapter. 
 
There were a clear set of questions behind testing the wide number of different 
compounds that were not answered in the published literature. The first was about 
information content. One of the attractions of EVV 2DIR was the possibility of 
simplifying congested vibrational spectra, however with no reliable data beyond the 
single cross peak CS2/acetonitrile literature spectra this attraction remained just an 
idea. It was also uncertain how much information was accessible from EVV 2DIR 
spectra. Would the mixed IR/Raman nature of the technique, requirements of multiple 
quantum transitions and possible phase matching errors result in signals too weak or 
distorted to measure?  
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The theory of EVV 2DIR described in Chapter 3 indicated a number of interesting 
measurement possibilities that could be tested with the working experiment. A 
previous report had demonstrated that time delays could be used to suppress the non 
resonant background and CARS signal in the spectrum of CS2
5
 and a general 
verification of these claims was sought. It was further anticipated that due to different 
dephasing times of different cross peaks in complex 2DIR spectra, variation of the 
delays would control the spectral content.  
 
With two types of pulse ordering it was predicted that selection of two different types 
of 2D spectra would be possible, one comprising pathway i) and another comprising 
pathways ii) and iii) (see Section 3-3). Furthermore, no data describing EVV 2DIR 
coherence decay scans had been reported. It was predicted that time domain EVV 
2DIR measurements would be able to extract linewidths and peak splittings for 
vibrational bands where EVV 2DIR frequency domain measurements were not 
possible due to the 25 cm
-1
 laser pulse bandwidths. It was also hoped that by varying 
the time delays, 2DIR spectra of systems with dynamical changes taking place on the 
timescale of the delays could be recorded. 
 
By studying the wide range of samples presented in this chapter, phenomena were 
observed supporting some of the ideas outlined above. In the process, some 
interesting observations were made: 
• Section 6-1 shows the first clear observation of an EVV 2DIR spectrum 
beyond the CS2 and acetonitrile / crotonitrile measurements by Wright and co-
workers. The sample used was polyethylene and it is shown that the main 
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features can be assigned as due to infrared active CH2 scissor modes and 
combination bands of infrared CH2 scissors and Raman CH2 stretch modes.  
• It is shown in Section 6-2 for polyethylene that although the infrared 
absorption width of the 1470 cm
-1
 band is ~25 cm
-1
, the CH2 scissors band 
itself actually has a width of 2.3 cm
-1
 in this sample, far narrower than the 
infrared excitation pulse widths used in the EVV 2DIR measurement. This 
value was measured from the complex background of modes by EVV 2DIR 
time domain measurements.  
• In Section 6-3 EVV 2DIR spectra of short chain alkanes are presented and 
compared with theoretical EVV 2DIR studies by Guo. It is shown that by 
varying the EVV 2DIR pulse sequence, the scissor mode overtone/symmetric 
stretch Fermi resonance in hexane can be identified.   
• Sections 6-4 to 6-7 demonstrate the first EVV 2DIR spectra collected from 
aromatic compounds. It is shown that the EVV 2DIR spectrum of toluene can 
be readily assigned from literature infrared absorption studies and that the 
ν5 mode dephases non-exponentially. EVV 2DIR spectra of meta, ortho and 
para xylene are shown to have cross peak patterns that change on varying the 
T23 delay. 
• Section 6-6 shows how EVV 2DIR spectroscopy can isolate a benzene cross 
peak from crowded 1D spectra of benzene dissolved in octane. 
• In Section 6-8 it is shown for the case of L-arginine monohydrochloride that 
the narrow CH2 scissor mode splittings can be conveniently retrieved by 
tracking the EVV 2DIR signal in the time domain and measuring the quantum 
beat frequency, thereby allowing the splittings to be extracted. 
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Due to the scan range limitations discussed in Section 5-10, the spectral space ∆ωα x 
∆ωβ covered by one data acquisition was typically 200 x 400 cm-1. The step sizes of 
ωα and ωβ for all spectra collected were 5 cm-1. The 2D spectral space studied most 
extensively contained the same ωα scan range of 1400-1700 cm-1 with some brief 
experiments performed in other regions such as 1150-1300 cm
-1
, 1700-2400 cm
-1
  and 
2800-3300 cm
-1
. Initial data was collected with ωβ scanned in the near infrared 
between 4200 and 4800 cm
-1
. This region informed most of the developments made in 
Chapter 5. ωβ was then changed to a scan region of 2800-3300 cm-1.  
6-1 Polyethylene I. Frequency domain studies 
Polyethylene ([-CH2-]
n
) served as an extremely useful system for initial EVV 2DIR 
experiments. Comprising the most elementary class of functional groups, the 
measurement of polyethylene 2DIR spectra provided an unambiguous means of 
establishing reliable experimental operation protocols. The polyethylene 2DIR spectra 
shown in Chapter 5, Figure 5-19 (b) and (c) represented the first clear observation of 
EVV 2DIR from a system other than CS2 and acetonitrile. The remaining data 
presented in this thesis was built on this success. As shown in this section, many of 
the cross peaks are easily assignable. The following section demonstrates that the 
temporal behaviour of the signals observed is easily understood.  
 
Polyethylene was one of several purely aliphatic systems explored, the others being 
short chain and cyclic alkanes. Chemically there is a closer link between investigating 
the 2D spectra of such systems and performing 2DIR of biological systems than might 
first be realised, as many vibrational spectroscopy studies on aliphatic systems are 
carried out with the clear aim of applying the results to lipid systems.
128,129
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Furthermore, the aliphatic modes of amino acid residues may in future be found to 
give distinct signatures in an EVV 2DIR spectrum. 
 
Although the IR frequencies of CH2 and CH3 modes are well established in the 2DIR 
scan ranges examined, a rigorous understanding of the bandshapes of aliphatic 
systems is not trivial. The Raman bands are known to be sensitive to local structure
128
 
and in the CH stretch region, Fermi resonances and a number of other solid state 
effects must be taken into account.
130
   
 
A low density polyethylene sample was used for the work presented in this section 
(Goodfellow LDPE sheet, ~1 mm thickness). LDPE is heavily branched and therefore 
contains a larger proportion of CH3 groups than purer high density samples. Due to 
the fact that the EVV 2DIR signal is proportional to N
2
, with N being the molecular 
number density, the methyl contributions to the polyethylene EVV 2DIR spectrum 
were found to be small. Effects of CH3 on EVV 2DIR spectra of aliphatic systems 
will be further discussed in Section 6-3. Though the LDPE sample exhibited 
scattering in the visible (it was white in appearance and caused Eγ to diffuse on 
transmission), strong EVV 2DIR signals were observed.  
 
Shown in Figure 6-1 are representative EVV 2DIR spectra of low density 
polyethylene. Shown in Figure 6-2 are examples of ωβ EVV 2DIR spectra collected 
with fixed ωα. The two main cross peaks in spectrum (a) of Figure 6-1 at 
ωα=1470 cm-1 and ωβ= 4350 and 4320 cm-1 are assigned as the infrared active CH2 
scissors mode (mode a in Figure 3-6) and the combination band of infrared CH2 
scissors with the Raman active symmetric and asymmetric CH2 stretch modes (mode 
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c=a+b in Figure 3-6, labelled ‘2’ and ‘1’ in Figure 6-1). These assignments are based 
on earlier Raman stretch mode measurements
128
 and were verified through the 
simulations presented in the next section. Assignment of peaks ‘3’ to ‘5’ in spectrum 
(b) of Figure 6-1 is less straightforward and will be discussed in Section 6-3.  
 
An ωβ EVV 2DIR spectrum for the single frequency ωα=1470 cm-1 is shown in Figure 
6-3 compared with the infrared absorption spectrum in the same ωβ range. The 
infrared spectrum in the same spectral region is clearly very different. This is due to 
the fact that the combination bands containing infrared active stretch modes are 
dominant in the infrared spectrum,
129
 whereas the EVV 2DIR spectrum reports on the 
Raman active stretch mode combination bands. Shown in Figure 6-4 is a 2DIR 
spectrum of polypropylene, showing that the addition of extra CH3 groups gives a 
more crowded lineshape broadly comprising three peaks. 
 
Krimm and co-workers measured the CH2 scissor mode to be 1467 cm
-1
 and the 
Raman asymmetric and symmetric CH2 stretch modes as 2880 and 2850 cm
-1
 (mode b 
in Figure 3-6).
128
 Combining these results with the EVV 2DIR measurements, it is 
found that ωc-ωa-ωb ≈0 (± 10 cm-1 experimental uncertainty). This indicates that 
combination band mechanical anharmonicities of less than 10 cm
-1
.  
 
As will be demonstrated fully in Chapter 7, reversing the pulse order such that Eβ is 
pulse 1 can give cross peak splittings that report on anharmonic shifts however in this 
case, near complete destructive interference was observed between the two competing 
coherence pathways, indicating that the anharmonic shifts were actually less than ~5 
cm
-1
. This finding was consistent with the CH2 simulations presented in Section 6-3, 
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which concluded that the dominant anharmonic effect in generating the scissor/stretch 
combination band was electrical in origin. As discussed in Chapter 3, the alternative 
2DIR methods pump probe and photon echo are only sensitive to systems displaying 
mechanical anharmonicity. The observation of cross peaks due only to electrical 
anharmonicity is a unique feature of EVV 2DIR. 
 
Figure 6-1 EVV 2DIR spectra of low density polyethylene. Both spectra were recorded with Eα as 
pulse 1. Spectrum (a) was recorded when using OPA β in the near-IR region with T12=T23=2 ps. 
Spectrum (b) shows a spectrum with OPA β scanned around the CH stretch mode region. The cross 
peak blue shift has been subtracted from the ωα dimension. For a discussion of the numbered cross 
peaks see text. 
 
 
Figure 6-2 EVV 2DIR spectra of low density polyethylene at fixed ωα. Eα=pulse 1. 
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Figure 6-3 Low density polyethylene infrared absorption spectra compared with EVV 2DIR 
measurements in the CH2 scissors mode combination band region. Shown in (a) is infrared absorption 
spectrum. In (b) is the EVV 2DIR spectrum collected in the frequency domain with ωα=1470 cm
-1
, 
T12=T23=2 ps and Eα = pulse 1. Donaldson et al, Submitted to Chemical Physics. 
 
Figure 6-4 2DIR spectrum of polypropylene (1 mm, sourced from Goodfellow) collected with delays 
T12=T23=2 ps. The cross peak blue shift has been subtracted from the ωα. 
 
6-2 Polyethylene II. Time domain studies 
Polyethylene was used to test some of the principles of EVV 2DIR as a mixed 
frequency/time domain technique and explore the predictions made at the beginning 
of this chapter. Figure 6-5 shows an EVV 2DIR spectrum of polyethylene collected at 
zero delay (graph (a), T12=T23=0) and a spectrum with T12 = 2 ps, T23=0 (graph (b)). 
Shown in (c) are three Eα cross correlations taken at different ωα and ωβ frequency 
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combinations, labelled on the 2DIR spectrum as 1 (fully resonant), 2 (singly resonant) 
and 3 (non resonant). 
 
Graph (a) of Figure 6-5 demonstrates that one of the advantages of working with free 
standing films of material is the lack of window signal around zero pulse delay. In this 
example, EVV 2DIR pathways ii) and iii) destructively interfere. As expected for the 
case of a driven polarisation, the cross peaks are ‘pathway i) shaped’ Lorentzians 
(Figure 3-7). Graph (b) shows that with a 2 ps T12 delay, the cross peaks become 
rounder and narrower with the broad feature at 1430 cm
-1
 disappearing. The 
nonresonant signal around zero delay was found to be more than 100 times weaker 
than the EVV 2DIR signal (Figure 6-5 plot 3) and the SIVE-IR signal (plot 2) was 
found to only twenty times larger than the nonresonant signal.      
 
Figure 6-5 Time domain behaviour of polyethylene EVV 2DIR signals.  Shown in (a) and (b) are 2DIR 
spectra collected with T12=T23=0 ps and with T12=2 ps/T23=0 ps. (c) shows Eα cross correlations 
collected with Eβ and Eγ temporally overlapped for three different ωα and ωβ frequency combinations: 
1; 1480, 4315 cm
-1
, 2; 1480, 4500 cm
-1
 and 3; 1430, 4500 cm
-1
. The cross correlations have been scaled 
to the same size as the EVV 2DIR signal.  
 
In Graph (c) of Figure 6-5, Plot 1 shows the fully resonant EVV 2DIR cross 
correlation signal of Eα. This plot describes the size and decay of the CH2 scissor 
mode vibrational coherence induced by pulse Eα. It can be seen that upon increasing 
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T12 there is a transition from signal generated by the coherence driven by the field Eα 
and following the pulse envelope to signal generated from the freely decaying 
coherence. The slight beating observed in the coherence lifetime measurement 
indicates the presence of a second, weaker scissor mode with a frequency shift of ~10 
cm
-1
. This type of behaviour is explored more fully for the case of arginine crystals in 
Section 6-8. 
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Figure 6-6 Decongestion of the low density polyethylene scissor mode spectrum. Shown in (a) is the 
methylene scissor mode EEV 2DIR coherence lifetime measurement i) compared with the instrument 
response ii) (x140). The coherence lifetime was measured using ωα=1470 cm
-1
, ωβ=4320 cm
-1
, giving 
an exponential decay corresponding to a linewidth of 2.3 cm
-1
. It can be seen in (b) that the FT-IR 
absorption spectrum of the scissor mode region comprises a congested band system. EEV 2DIR 
measurements of (c) show the precise contribution of the scissor mode band to the IR bandshape. The 
‘time domain’ peak was constructed using the frequency domain EEV 2DIR scissor mode centre 
frequency and linewidth measured in the time domain to describe a Lorentzian band. The EVV 2DIR 
data has been corrected for the cross peak blue shift. Donaldson et al, submitted to Chemical Physics 
 
As described in Section 3-4 the cross peaks measured in the frequency domain using 1 
ps excitation pulses are broadened by the 20-25 cm
-1
 laser pulse widths. This can be 
seen in the frequency domain CH2 scissor mode EVV 2DIR lineshape of Figure 6-6 
(c). In this situation the scissor mode linewidth can instead be measured in the time 
domain. The CH2 scissor mode coherence decay shown in Figure 6-6 was found to be 
exponential with a time constant of 4.6 ps ± 2%, corresponding to an infrared 
linewidth of 2.3 cm
-1
 FWHM (± 10%). This measured linewidth was smaller than the 
5 cm
-1
 estimate used for the modelling of the crystalline polyethylene IR spectrum.
128
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Using the EVV 2DIR measurement of the CH2 scissors centre frequency from the 
frequency domain (1470 ± 10 cm
-1
), and the linewidth measurement from the time 
domain experiments allows reconstruction of the band, as shown in Figure 6-6 (c). 
 
The infrared absorption spectrum of LDPE is shown in Figure 6-6 (b). It can be seen 
that the CH2 scissor band cannot be clearly identified as it is contained within a broad 
feature between 1450 and 1470 cm
-1
 that is known to comprise a number of overtones 
and Fermi resonances.
128,130
 An important point to note is that due to the selectivity of 
the EVV spectroscopy, only signal involving the CH2 scissor modes is measured, the 
other vibrational modes being effectively filtered out by the requirement to interact 
with the second pulse ωβ. Comparing Figure 6-6 (b) and the time domain 
measurement of Figure 6-6 (c) thus provides a clear demonstration of how EVV 2DIR 
decongests a crowded band. 
 
Figure 6-7 Four wave mixing polyethylene cross correlation scans. Shown on the left are Eβ=pulse 1 
T12 scans (T23=0 ps) and on the right the T23 scans with T12=0 ps, both plots showing for resonance and 
non resonance scans (resonance ωα and ωβ frequency combinations are 1480, 4315 cm
-1
 and non 
resonance 1430, 4500 cm
-1
). 
 
Investigations of on resonance T12 cross correlations with Eβ as pulse 1 and T23 scans 
for T12=0 showed a much faster signal decay outside of the pulse overlap region 
(Figure 6-7). The T12 and T23 measurements could in principle measure respectively 
the lifetime of the combination band coherence and double combination band / 
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fundamental however as Figure 6-7 shows, the signal decayed largely within the pulse 
overlap time. Attempts at isolating pathways ii) and iii) through the anharmonic 
splittings described in Section 3-3 were largely unsuccessful, confirming the 
observations in Section 6-1 that anharmonic shift of the combination bands studied 
were less than ~ 5 cm
-1
, causing pathways ii) and iii) to destructively interfere.  
6-3 Short chain alkanes 
The observation of EVV 2DIR signal from the methylene groups of polyethylene 
indicated that these groups would make a strong contribution to the 2DIR spectra of 
many interesting analytes. A logical next step was to examine other aliphatic systems 
and explore whether the measured cross peaks could report on the structure, 
connectivity and environment of an analyte. In this section, some EVV 2DIR results 
from short chain alkanes are presented. Hexane, octane and decane (Sigma-Aldrich, 
99%) were studied at room temperature using 100 µm pathlength cells and 2 mm 
CaF2 windows.  
 
In order to interpret the measured 2D spectra, theoretical EVV 2DIR spectra of gas 
phase n-alkanes (n=2,4,6 and 8) were simulated by Guo using calculational methods 
described in Chapter 7, with vibrational frequencies and anharmonicities calculated 
from density functional theory using the B3LYP/6-31+G(d,p) basis set.
31
 These basic 
simulations allowed assignment of the experimental data and enabled CH2 and CH3 
cross peaks to be distinguished. Effects of Fermi resonances and Darling-Dennison 
resonances and of conformation and environment were not considered. 
 
Figure 6-8 shows a comparison between theoretical and experimental EVV 2DIR 
spectra of hexane. A reasonable agreement between calculated spectra and 
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experimental data can be seen for regions marked A, B and C. The cross peaks at 
~1370 cm
-1
 (regions A and C in Figure 6-8) were found to involve the fundamental of 
the CH3 umbrella mode, its overtone (~2740 cm
-1
) and combination bands (2800 cm
-1
, 
4250 and 4305 cm
-1
). At ωα ~1460 cm
-1
, region B shows binary combination bands of 
CH2 scissors + CH2 stretch (~4340 cm
-1
) and CH3 deformation + stretch (~4400 cm
-1
). 
It is noted here that the anharmonicity giving rise to these bands was found to be 
largely electrical in origin. 
 
Figure 6-8 Theoretical and experimental 2D-IR EVV 2DIR spectra of hexane. The theoretical spectra 
have been scaled to include all features, causing the largest cross peaks contours in regions B and D to 
appear saturated. The cross peak blue shift has been subtracted from the ωα. The experimental data was 
collected using Eα=pulse 1 and delays of T12=T23=2 ps (regions A and B) and T12=2.5 ps and T23=1 ps 
for regions C and D. Donaldson et al, submitted to Chemical Physics. 
 
Interpretation of spectral region D of hexane in Figure 6-8 was found to be less trivial 
than the other regions. This was also the case for the 2DIR spectrum of LDPE in 
Figure 6-1. Two features can be identified in the experimental hexane 2DIR spectrum 
of Figure 6-8 at 2900 and 2950 cm
-1
. As shown in Figure 6-9, reversing the infrared 
pulse order such that Eβ = pulse 1 gave split cross peaks in the EVV 2DIR spectrum. 
As will be fully discussed in Chapter 7, such cross peak splittings are indicative of 
Fermi resonances. This was not described in the theoretical analysis of Figure 6-8, 
which instead predicted a single cross peak complex at ~2900 cm
-1
 with contributions 
from the CH2 stretch overtone and a number of combination bands. It is well known 
that the methylene symmetric stretch mode interacts with the scissor mode overtone 
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through Fermi resonance.
131
 For a simple two state Fermi resonance, two split cross 
peaks are expected in the EVV 2DIR spectrum. The multiple splittings observed in 
Figure 6-9 along ωα indicate that the Fermi resonance involves more than two states. 
 
Figure 6-9 EVV 2DIR spectra of methylene scissors/symmetric stretch Fermi resonances in hexane. 
Spectrum (a) shows the EVV 2DIR spectrum of region iv) (see Figure 6-8) focussing on the 2900 and 
2950 cm
-1
 bands. The spectrum collected using Eβ=pulse 1 shows splittings along ωα characteristic of 
Fermi resonance states. The cross peak blue shift has been subtracted from the ωα. The spectra were 
collected using delays of T12=2.5 ps and T23=1 ps (Eα=pulse 1 spectrum) and T12=T23= 1.5 (Eβ=pulse 1 
spectrum). Donaldson et al, submitted to Chemical Physics. Fournier is gratefully acknowledged  for 
assistance in obtaining this data. 
 
Figure 6-10 EVV 2DIR spectra of decane compared with polyethylene. The EVV 1D spectra shown on 
the right were collected with ωα=1480 cm
-1
.  All spectra were collected using T12=T23=2 ps and Eα = 
pulse 1. 
 
Comparison of EVV 2DIR spectra of liquid phase short chain alkanes with EVV 
2DIR spectra of polyethylene (solid, relatively ordered) shows that along with the 
appearance of CH3 cross peaks, significant blurring of the cross peaks along ωβ occurs 
for the liquid phase samples. To illustrate this, EVV 2DIR spectra of decane and 
polyethylene are shown in Figure 6-10. 
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Figure 6-11 EVV 2DIR studies of short chain alkanes. Shown are octane (full line), decane (dashed) 
and hexane (dotted)  infrared absorption spectra compared with the measured EVV 1D lineshapes for 
each solvent (ωβ scanned for ωα fixed at 1470 cm
-1
, T12=T23=2 ps, Eα = pulse 1). Donaldson et al, 
submitted to Chemical Physics 
 
The differences in near infrared absorption and EVV 1D bandshapes between hexane, 
octane and decane are shown in Figure 6-11. It can be seen that qualitatively there is 
little to distinguish the three alkanes in the EVV 1D or infrared absorption spectra. 
The biggest differences were observed when examining the scissor mode lifetimes. 
The Eα cross correlations of decane, octane and hexane collected for the 1470 cm
-1
 
CH2 scissor mode resonance are shown in Figure 6-12.  
 
The free decay signals of the 1470 cm
-1
 CH2 scissor mode coherence showed strong 
single exponential character, indicating reasonably homogeneous lineshapes. The 
Lorentzian widths extracted from the exponential free decay phases were found to be 
8.6, 11.7 and 13.6 cm
-1
 (± 10%) for decane, octane and hexane. The linewidths 
therefore increased with decreasing chain size and were significantly wider than the 
2.3 cm
-1
 value measured for polyethylene, as expected for homogeneously broadened 
liquid phase systems. On comparison with the corresponding IR absorption spectra 
(Figure 6-12) it can be seen that the CH2 scissor mode is obscured by a number of 
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bands in the 1470 cm
-1
 region and the EVV 2DIR measurements can be seen to 
decongest the spectra and allow linewidths to be recovered for the methylene groups. 
 
Figure 6-12 EVV 2DIR scissor mode coherence lifetime measurements of short chain alkanes 
collected with Eβ and Eγ temporally overlapped and ωα and ωβ resonant with the CH2 scissors and 
scissors + stretch combination band. Shown in (a) is the full response of decane (i) compared with the 
instrument response (ii). In (b) are the scissor mode coherence decays of decane (dashed line), octane 
(full line) and hexane (dotted line). In (c) are the IR absorption spectra of the solvents compared with 
Lorentzian lines reconstructed from the frequency domain (blue shift corrected) and time domain 
linewidth measurements of EVV 2DIR. The cross peak blue shift has been subtracted from the ωα.  
Donaldson et al, submitted to Chemical Physics. 
 
6-4 Polystyrene 
EVV 2DIR spectra of polystyrene provided the first evidence during this PhD that 
aromatic systems would give intense, interesting and varied cross peak structures. The 
sample used for these studies were sourced from a common compact disc case of 
thickness 1 mm. Its infrared absorption spectrum was measured in reflection, which 
upon performing a Kramers-Kronig transformation agreed well with literature 
examples. 
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Figure 6-13 EVV 2DIR spectrum of polystyrene. The data was collected in two different scan ranges, 
(a) and (b) with delays T12=T23=2 ps and Eα pulse 1. Shown along the top and side is the infrared 
reflectance spectrum of the same sample. 
 
Shown in Figure 6-13 is an example polystyrene EVV 2DIR spectrum with the 
transformed FT-IR reflection spectrum (1350-1750 cm
-1
) and absorption spectrum 
(4200-4800 cm
-1
) plotted along each axis. The FT-IR spectrum along ωβ is heavily 
congested, whereas in the 2DIR spectrum the information is spread into at least two 
bands of cross peaks related to two ωα modes at 1460 and 1500 cm-1. The FT-IR 
spectrum between 1350 and 1750 cm
-1
 is simple and clear correlations between its 
bands and the cross peaks along ωα can be seen. Looking closely at the FT-IR 
frequencies, the EVV 2DIR bands are consistently blue shifted by 10 cm
-1
 along 
ωα. This behaviour was discussed in Section 5-11.  
One of the few 2D spectra measured with ωα varying from 2700-3100 cm-1 and 
ωβ varying from 4200-4800 cm-1 is shown in Figure 6-14, collected with the 
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ωβ polarisation orthogonal to the other two beams. In most cases this gave very weak 
signal but for polystyrene, the opposite effect was the case. Also shown is a spectrum 
collected with ωα 1400-1600 cm-1 and ωβ 2700-3200 cm-1. This ωβ region shows 
larger blue shifts than in the case of ωβ being scanned in the near IR, likely to be due 
to the large dispersions in the CH stretch region.  
 
Figure 6-14 EVV 2DIR spectra of polystyrene recorded in two different spectral regions using delays 
T12=T23=2 ps and Eα = pulse 1. The spectrum on the left was recorded with an ωβ polarisation 
orthogonal to the other two beams. Fournier is gratefully acknowledged  for assistance in obtaining the 
ωβ~2700-3200 cm
-1
 data. 
 
6-5 Toluene and the xylenes 
The interesting EVV 2DIR results from polystyrene stimulated further investigations 
into the types of EVV 2DIR features observable from aromatic ring systems. Of 
primary importance was to confirm whether or not the 2DIR spectra agreed with 
theoretical predictions. The results of a thorough experimental and theoretical 
investigation of benzene are presented in Chapter 7. This section presents 
experimental data obtained from methyl substituted benzene systems. The aim was to 
gain a qualitative feel for information content of EVV 2DIR by investigating the types 
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of cross peak patterns and temporal behaviour for aromatic systems with varying 
degrees of symmetry and substitution. These species gave the first observations of 
EVV 2DIR spectra with spectral content variation for varying T23 delays. 
 
Shown in Figure 6-15 are representative 2D spectra of toluene. In the spectral region 
studied, toluene was found to give two lines of cross peaks belonging to combination 
bands of the ν4 and ν5 ring breathing modes. This is a good example of the utility of 
2DIR spectroscopy. The spectra along ωβ only show modes that contain ν4 or ν5. 
Examination of the FT-IR spectrum of toluene shown in Figure 6-16 shows that the 
regions of ωβ studied contain many overlapping bands and it is clear that the EVV 
2DIR spectra are a great simplification. 
 
The toluene data presented were collected using an optically thick sample (100 µm), 
however the literature refractive index data indicated only strong dispersions around 
the ν5 band at 1490 cm-1.133  A good agreement between the frequencies of many of 
the bands in the 2DIR spectra and those measured and assigned by Bertie et al
133
 was 
observed, as shown in Table 6-1. The fact that these literature values were obtained 
through the band-fitting of complicated absorption features gives a certain amount of 
uncertainty in their values. It should also be noted that where there is spectral 
crowding, a greater precision in the EVV 2DIR frequencies can be obtained using the 
coherent band-fitting methods described in Chapter 7. 
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Figure 6-15 EVV 2DIR spectra of toluene with regions in red magnified. Shown in a) is a spectrum 
collected with the OPA β operating in the near IR, collected using T12=T23=3 ps and Eα=pulse 1. The 
overlaid 1D plot is the EVV ωβ spectrum for ωα=1510 cm
-1
. In plot b) is the spectrum recorded with 
OPA β operating in the CH stretch region, collected using T12=T23=3 ps and Eα=pulse 1. These spectra 
were collected using a cell of 100 µm pathlength. The experiment was aligned for ωα=1500 cm
-1
 and 
delay compensation was not used in these acquisitions, the main effect of which was to weaken the 
features at 1610 cm
-1
 due to an increasing T12 delay across the scan (see Figure 5-26). 
  
Cross peak 
EVV ωα /   
cm
-1
 
FT-IR / cm
-1
 & 
assignment
133
 
EVV ωβ / 
cm
-1
 
FTIR / cm
-1
 & 
assignment
133
 
1 1615 1604 / ν4 4645 4643 / ν4 + ν3 
2 1510 1496 / ν5 4540 4582? / ν5 + ν21 
3 1510 1496 / ν5 4470 ? 
4 1510 1496 / ν5 4405 ? 
5 1510 1496 / ν5 4350 ? 
6 1615 1604 / ν4 3055 ? 
7 1615 1604 / ν4 2980 2984 /ν4 + ν32 
8 1615 1604 / ν4 2895 ? 
9 1615 1604 / ν4 2810 2815 /ν4 + ν3 
10 1510 1496 / ν5 3100 3100 /ν4 + ν5 
11 1510 1496 / ν5 ~2970 ? 
12 1510 1496 / ν5 ~2890 2975 /ν5 + ν32 
13 1510 1496 / ν5 ~2830 2808 / ν5 + ν26 
Table 6-1 Cross peak frequencies and assignments of Toluene compared with literature values.
133
 
Herzberg notation has been used to label the modes. Entries marked ‘?’ do not have an FT-IR 
assignment. 
 
Toluene provided an interesting example of a system showing nonexponential 
dephasing. Coherence lifetime measurements on ν5 were made, an example of which 
is shown in Figure 6-17, showing a weak 2 ps beating and apparently linear decrease 
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with time between 3.5 and 5 ps. Interpretation of the origins of these effects are 
beyond the scope of this thesis.  
 
Figure 6-16 Infrared absorption spectrum of toluene displayed in the spectral regions explored using 
EVV 2DIR. Recorded from a 10 µm pathlength cell using a Bruker Vertex 70 FT-IR spectrometer.  
 
 
Figure 6-17 Coherence lifetime of the ν5 mode in toluene, measured by scanning the T12 delay with Eα  
as pulse 1, T23=0, ωα=1510 cm
-1
 and ωβ=4540 cm
-1
. The oscillatory behaviour is not due to atmospheric 
water absorption. 
 
Shown in Figure 6-18 are representative spectra of dimethyl benzene isomers 
(xylenes). The figure demonstrates two important points. The first is that the different 
isomers give very different 2DIR spectra to one another and the second is that the 
spectral content for these samples varies with T23 delay. Interestingly, the meta xylene 
signal was roughly 1000 times weaker than that of the other two isomers.  
 
That different ring substitution patterns give different IR and Raman spectra is of 
course well established.
134
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from one another in a 2D spectral space spanning only a few fundamental modes is 
however significant in a practical sense, showing that the technique has high enough 
signal to noise to measure a sufficient number of unique cross peaks from each 
sample. This practical aspect is what determines whether the technique is useful or not 
and this point will be returned to when peptide and protein fingerprinting is 
considered. 
 
Figure 6-18 EVV 2DIR spectra of di-methyl substituted benzenes (xylenes) collected with two delay 
combinations; 1): T12=2 ps, T23=1.6 ps and 2) 1): T12=2 ps, T23=0 ps. In all cases, Eα  is pulse 1. 
O=ortho, P=para and M=meta. The ortho and para spectra were collected using a 10 µm pathlength 
cell. Due to the small signals of meta xylene, a 100 µm pathlength cell was used. 
 
It was shown in Section 6-2 how a T12 delay could be used to observe the coherence 
decay of a single fundamental mode in polyethylene. For polyethylene, variation of 
T12 outside of the pulse overlap did not change the 2D spectral content because only 
one fundamental was being probed. The combination bands probed had short lifetimes 
and therefore no variations were observed with T23 delays. The 2DIR spectra of the 
xylenes in Figure 6-18 show for the first time variations in T23 lifetimes for different 
cross peaks of the 2D spectra. The most striking differences are seen in the spectrum 
of ortho-xylene. In spectrum 1), the T12 and T23 delays are roughly the same as the 
pulse widths. In spectrum 2) T23 is zero and as well as observing more SIVE-
FWM/non resonant background blue of the most intense features, several weak cross 
150015001400 1500 1600
t12 2 t23 0
1400 1500 16001400 1500 1600
1) P 2) P
1400 1500 1600
2700
2800
2900
3000
3100
3200
3300
1) O 2) O 1) M 2) M
ωα / cm-1
ω
β
/ 
c
m
-1
ω
β
/ 
c
m
-1
Chapter 6. EVV 2DIR spectroscopy 1.  Organic compounds                                                                                                       
   
 
 201 
peaks appear along 1400 and 1480 cm
-1
. This important observation of double 
resonance lifetime variations demonstrates that the T23 delay can offer an additional 
degree of spectral selection in EVV 2DIR spectroscopy.   
6-6 Benzene-octane mixtures 
This section explores the issue of recovering EVV 2DIR cross peaks from mixtures of 
EVV 2DIR active species. Solutions of benzene and octane were prepared in a 1:10 
molar ratio, equivalent to 0.6 M benzene. Shown in Figure 6-19 are infrared 
absorption spectra of the solution and the constituent species. The benzene ring 
breathing feature (see Chapter 7) can be seen as a weak shoulder around the strong 
octane CH2/CH3 features. Shown in Figure 6-20 is an EVV 2DIR spectrum of the 0.6 
M benzene solution. It can be seen that the benzene ring breathing and octane 
deformation bands are clearly separated. This is a good illustration of how 2DIR 
spectroscopy allows bands in congested regions to be isolated and separately studied. 
The separation is due to the fact that Eβ is probing benzene and octane combination 
bands of different frequency.  
 
The signal to noise observed in the spectrum of Figure 6-20 indicated that for the 
sample type and benzene cross peak in question, the detection limit for the 800 ms 
signal single point signal averaging time would be reached by dropping the 
concentration by a factor of ~6 to 100 mM. In the existing experimental configuration, 
this limit might be substantially improved through use of thinner sample windows, 
shorter pulse delays and a photon counting method recently implemented by 
Fournier. Chapter 10 discusses improvements to the experiment that will lower the 
detection limit even further.      
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Figure 6-19 FT-IR absorption spectra of octane (left, red), benzene dissolved in octane  (left, black, 
1:10 mol % =  0.6 M benzene) and neat benzene (right, black). Each spectrum was collected using a 10 
µm pathlength cell.  
                                 
Figure 6-20 EVV 2DIR spectrum of 0.6 M benzene dissolved in octane. The red arrow shows the 
benzene ring breathing mode cross peak. The other spectral features are from octane (see Section 6-3). 
This spectrum was recorded using a 100 µm pathlength cell with 2 mm thick CaF2 windows, T12=T23=2 
ps, Eα = pulse 1 and 800 samples per point.  
6-7 Aniline and aminobenzotrifluoride 
Further variation in aryl ring substitution patterns were explored by examining several 
amino benzene compounds. Shown in Figure 6-21 are example spectra of aniline 
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(Phe-NH2) and 3-aminobenzotrifluoride (1,3 Phe-NH2,CF3). The two spectra are 
somewhat similar and comparison with literature aniline infrared absorption data
119
 
indicated that the major cross peaks at 1500 and 1600 cm
-1
 were from ring breathing 
modes. Very little evidence of NH2 deformation at 1620 cm
-1
 was obtained and on 
examination of the infrared absorption spectrum, this mode was found to be very 
broad (hence difficult to observe using EVV 2DIR), possibly causing the very slight 
shift in signal in the 3-ABTF spectrum at 1640 cm
-1
.  
     
Figure 6-21 EVV 2DIR spectra of aniline and 3-aminobenzotrifluoride collected from a 10 µm 
pathlength cell with T12=T23=2 ps and Eα = pulse 1. 
 
As was the case with xylene, the ortho isomer 2-ABTF gave the most interesting 2D 
spectra, shown in Figure 6-22 for varying T12 delays and both 10 and 100 µm 
pathlength cells. Evidently the non resonant/singly resonant background signals are 
causing problems in the data. Despite the complicated spectral features, the positions 
of the lines along ωα matched well with those observed in the FT-IR spectrum and it 
can be seen that several cross peaks occur in both the 10 and 100 µm pathlength cell 
spectra at the same frequencies, indicating that they are real.  
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Figure 6-22 EVV 2DIR spectra of 2-ABTF (2-aminobenzotrifluoride) taken with a 10 µm (top, red 
labels) and 100 µm pathlength cell (bottom, white labels). For all spectra Eα = pulse 1 and T23=2 ps.  
 
6-8 Amino acids 
This chapter has presented EVV 2DIR spectroscopy of a number of simple organic 
compounds. Performing such a survey provided invaluable experience of the 
technique and in the process demonstrated the motifs of EVV 2DIR spectra for 
several important functional groups. This final section presents EVV 2DIR 
spectroscopy of several amino acids, a reasonable starting point for developing 
methods for protein 2DIR spectroscopy. Prior to the developments described in this 
PhD thesis, amino acid solutions had already been explored using an early EVV 2DIR 
spectrometer
6,7
 giving the results shown in Figure 6-23. With an Eα pulse shape 
complicated by atmospheric absorption, the content of the spectra was greatly affected 
by the choice of delay and it was only possible to reproduce these spectra over a few 
days whilst ambient conditions in the lab remained the same. Once the automation 
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and improvements to the detection systems described in Chapter 5 were made it was 
not possible to reproduce these data at all. Some examples of spectra later collected 
are shown in Figure 6-24. 
 
Figure 6-23 Solution phase (D2O) amino acid EVV 2DIR spectra collected for previous research 
projects. (a) 3 M Glycine
7
  (b) 2 M Alanine
6
 and (c) 0.9 M Arginine.
6
 10 µm cell pathlengths were 
used. For comparison with other data in this thesis, the spectra have been shown on the scales used in 
this thesis. Due to pulse broadening of Eα from water vapour contamination the pulse delays used were 
ill defined. Nominal values relative to the cross correlation peaks of T12=1 ps and T23=3 ps and 
Eα=pulse 1 were used. 
 
Figure 6-24 Representative solution phase (D2O) amino acid EVV 2DIR spectra collected after 
automation and improved detection work for this PhD thesis were completed. (a) 3 M Glycine, (b) 2 M 
Alanine and (c) 10 M Proline. Arginine is not shown here because no signal was observed. A range of 
delays were used for these studies but due to pulse broadening of Eα from water vapour contamination 
the actual pulse delays were ill defined. 
 
These ambiguous results indicated that a ‘back to basics’ approach was necessary, 
initiating the studies aimed at determining the correct operational procedures which as 
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described in Chapter 5, identified water vapour contamination and phase matching 
issues as the cause of many of the problems. As demonstrated by the spectra from 
polymers and gelatine, using a sample with no windows or substrate provided the 
clearest signals. The ability to grow single crystals of amino acids provided the 
opportunity for window/substrate free spectroscopy and was therefore adopted for the 
remaining amino acid investigations carried out for this PhD thesis. With the 
improved knowledge of the technique presented in this thesis, solution phase 
investigations are a viable and interesting topic for future studies.  
 
Good optical quality single crystals of glycine (NH3
+
CH2COO
-
, obtained from 
Aldrich, likely to be α phase135) and L-arginine monohydrochloride ( 
(H2N)2
+
CNH(CH2)3CH(NH3)
+
COO
-
.Cl
-
.H2O, Aldrich) were grown in distilled and 
deionised water at room temperature from supersaturated aqueous solutions. Shown in 
Figure 6-25 are representative EVV 2DIR spectra of crystalline glycine. The cross 
peak frequencies are shown in Table 6-2 compared with literature data. For most of 
the cross peaks observed, a match with literature IR absorption lines could be found.  
 
The zero delay spectrum for ωβ∼ 4200-4700 cm-1 is very clear and in addition to the 
usual methylene combination bands, a cross peak at 1580 cm
-1
 is seen which can be 
assigned as being due to the CO2
-
 asymmetric stretch. This was further substantiated 
by the feature disappearing rapidly with increasing pulse delays and having a broad 
width in FT-IR spectra. Eα cross correlations showed that the methylene scissor mode 
had a linewidth of 5 cm
-1
. The methylene stretch/scissor combination band position 
also confirmed that the main feature of the original solution phase data for glycine 
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shown in Figure 6-23 was possibly EVV 2DIR signal, despite the water vapour 
contamination. 
 
Figure 6-25 EVV 2DIR spectra of crystalline glycine, l ~1 mm mounted with the long axis of the 
crystal perpendicular to the input beams. The spectrum shown on the far right was collected with 
450,000 samples per point instead of the usual 200-500 samples. The centre peak is white because it is 
larger than the scale on the 2D graph. 
 
Cross peak 
EVV ωα / 
cm
-1
 
FT-IR / cm
-1
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EVV ωβ / 
cm
-1
 
FTIR / cm
-1
 & 
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1 1590 
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7 1450 
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δ+w (w=wag) 
1443+1326=2769 
Table 6-2 2DIR EVV 2DIR FWM cross peak frequencies of glycine compared with literature values 
and assignments.
135,136
 Note that there is a variation of 5-15 cm
-1
 for band frequencies measured in the 
literature. Due to the lack of data on anharmonic modes, combination and overtone band assignments 
were made using the sum of fundamentals, giving a value larger than the band frequency by ~10-30 
cm
-1
. Entries marked ‘?’ do not have an FT-IR assignment. 
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CH2 symmetric stretch band at 2960 cm
-1
. Further investigations should be carried out 
to determine if this peak is EVV 2DIR from two fundamentals, if so this result 
constitutes the only observation of EVV 2DIR spectroscopy from two fundamental 
modes, as opposed to the usual case of a fundamental mode and a combination band.    
 
Shown in Figure 6-26 are EVV 2DIR spectra of L-arginine mono-hydrochloride 
(LAMH). For LAMH crystals, the amino acid component of the molecule is 
zwitterionic, the guanidinium group protonated
137
 and the crystal structure known to 
comprise a complicated network of hydrogen bonds.
138
 The infrared absorption 
spectrum is shown in Figure 6-27. Arginine crystals are known to have very high 
optical nonlinearities
139
 and nonlinear signals such as the sum frequency mixing of 
ωα+ωγ and the cascade process ωα+(ωα+ωγ) fell in the range for transmission through 
the signal selection bandpass filter. These signals were minimised by adjusting the 
angle of the crystal at the sample position, however, even with a 3 ps delay between 
ωα and ωγ, the lifetime of the coherences excited by ωα meant that there was a 
significant amount of SFG contamination in the ωβ 2700-3100 cm-1 2D spectrum.  
 
Figure 6-26 EVV 2DIR spectra of crystalline arginine recorded using Eα=pulse 1. 
 
1400 1500 1600
4200
4250
4300
4350
4400
4450
4500
4550
4600
1400 1500 1600
4200
4250
4300
4350
4400
4450
4500
4550
4600
1400 1500 1600
2700
2750
2800
2850
2900
2950
3000
3050
3100
Y
 A
x
is
 T
it
le
ωα / cm-1
ω
β
/ 
c
m
-1
T12=T23=0 ps T12=T23=2 ps T12=T23=1.5 ps
Y
 A
x
is
 T
it
le
Y
 A
x
is
 T
it
le
ω
β
/ 
c
m
-1
Chapter 6. EVV 2DIR spectroscopy 1.  Organic compounds                                                                                                       
   
 
 209 
 
Figure 6-27 Infrared absorption spectra of a KBr pellet containing L-arginine mono- hydrochloride. 
The frequency regions of the 2D-IR EVV 2DIR cross peaks are shown with red arrows. Donaldson et 
al, submitted to Chemical Physics. Gardner is gratefully acknowledged  for assistance in obtaining this 
data. 
 
The cross peak at 1550 cm
-1
 / 4460 cm
-1
 in the arginine 2D spectrum of Figure 6-26 is 
thought to be related to the guanidyl group motions. The cross peaks around 1460  
cm
-1
 are from the methylene chain. The ωα  laser pulse width was too broad to isolate 
these methylene peaks and the manner by which they were confirmed as real and 
having a fixed frequency separation was through the observation of quantum beating 
between the signals upon increasing T12 for Eα=pulse 1 (see Chapter 3, Section 3-4). 
This can be seen in the frequency domain through 2DIR spectra recorded for varying 
T12 delay, as shown in Figure 6-28 and in the time domain through the resonant Eα 
coherence lifetime measurements of Figure 6-29.  
 
The 2DIR data shows that the methylene groups of crystalline arginine mono- 
hydrochloride have different mode frequencies and different linewidths/amplitudes 
(indicated by the different coherence lifetimes seen in the 2DIR spectra for increasing 
delays). None of this can be deduced by inspection of the infrared absorption spectra 
of Figure 6-27. The Fourier transform of the experimental cross correlation of Figure 
6-29 indicated peak spacings of ~13 and ~30 cm
-1
.  
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Figure 6-28 EVV 2DIR spectra of L-arginine mono- hydrochloride for varying T12 delay and Eα = 
pulse 1. The CH2 peak structure can be seen to undergo complex changes upon increasing T12 delay due 
to quantum beating of the coherences. Donaldson et al, submitted to Chemical Physics. 
 
 
Figure 6-29 Quantum beating of methylene EVV 2DIR signal. The experimental T12 scan was 
collected using ωα =1470 cm
-1
, ωβ =4380 cm
-1
, T23=0 and Eα = pulse 1. The model used 1.0 ps laser 
pulses and three scissor modes with resonant frequencies ωa = 1457, 1470 and 1484 cm
-1
 and 
amplitudes 1:1.6:-0.2 respectively. Identical Γag and Γca factors of 1.5 cm
-1
 and 5 cm
-1
 were used for 
each state. Donaldson et al, submitted to Chemical Physics. Guo is gratefully acknowledged for 
assistance with the simulation data. 
 
By integrating Equation 3-11 for pathway i) with three scissor band states (Equation 
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agreeing reasonably well with the experimental cross correlation was obtained. The 
simulated coherence decay is shown in Figure 6-29. It was found that the linewidths 
of each scissor mode peak were in the region of 1.5 cm
-1
 and that the ratio of the 
amplitudes of the states were roughly 10:15:-2. With this basic analysis there is 
inevitably a degree of ambiguity in the scissor state linewidths and amplitudes. Future 
analyses might benefit from closed form solutions of the time varying nonlinear signal 
such as those recently derived for a picosecond triple infrared resonance technique.
140
 
 
Further studies on Arginine and other crystalline aromatic amino acids tyrosine, 
phenylalanine and tryptophan were carried out by Loeffeld
116
 and Fournier. Instead of 
studying the effect of delays on the 2DIR spectra, the visible beam polarisation was 
used as a variable parameter. This was found to suppress the nonresonant background 
and SFG processes and also enhance or suppress certain cross peaks. The work 
focussed on spectral regions ωα 1400-1700 cm-1 and ωβ 2400-2950 cm-1.  
 
Representative arginine EVV 2DIR spectra collected are shown in Figure 6-30. The 
broad ranging signal centred around 1630 cm
-1
 is likely to be from the guanidyl group, 
assigned in one source as the CN3H5
+
 νs 141 and in another as the NH3+ νa.137 Exact 
interpretations aside, whether or not the signal derives from guanidyl motions can be 
further clarified by deuteration and because the IR features are very broad, use of T12 
delay studies can confirm the narrow widths. Figure 6-30 illustrates the effect of Eγ 
polarisation on the methylene cross peaks. The combination bands of the CH2 
deformation mode contain cross peaks at 2600 and 2900 cm
-1
, with the intensity of 
each maximised for HHH and HHV polarisations respectively.     
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Figure 6-30 EVV 2DIR spectra of L-Arginine mono-hydrochloride collected using T12=1.5 ps and 
T23=1 ps and Eα=pulse 1. The αβγ pulse polarisations are shown in the bottom left of each spectra. Data 
courtesy of Loeffeld and Fournier. 
 
Shown in Figure 6-31 are 2DIR spectra of crystalline tyrosine and phenylalanine. 
Despite the SFG signal in the phenylalanine case, lines of cross peaks correlated with 
a ring breathing mode can be seen. The infrared absorption  spectrum of tyrosine is 
shown alongside the 2DIR spectrum and it is observed once more how much simpler 
the 2DIR spectrum is.     
 
Figure 6-31 EVV 2DIR spectra of crystalline tyrosine (left) and phenyalanine (right), collected using 
T12=1.5 ps and T23=1 ps and Eα=pulse 1. The tyrosine spectrum was collected using a γ polarisation set 
for optimum cross peak signal at 1495/4750 cm
-1
. The IR absorption spectrum is displayed against the 
tyrosine 2D spectrum. The vertical line of signal in the phenyalanine spectrum is SFG contamination.  
Data courtesy of Loeffeld and Fournier. 
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Chapter 7. EVV 2DIR spectroscopy 2. Case 
study on benzene 
7-1 Background 
This chapter presents the results of a thorough comparison between EVV 2DIR 
experiment and theory. The ultimate aim for this line of investigations was to develop 
a methodology to perform ab initio EVV 2DIR simulations of peptide and protein 
spectra and use this data to inform future experiments. The first step was to rigorously 
confirm whether the experiment was producing reliable data and to test whether the 
theoretical methods developed by Wright and Cho for describing the acetonitrile EVV 
2DIR spectrum
9
 were adequate for larger systems. An additional aim was to model 
and understand the unique 2D lineshapes that EVV 2DIR spectroscopy gives. Many 
of the results and much of the discussion of this chapter are based on a paper 
published in Journal of Chemical Physics, (Chapter 12, Appendix 3).
8
  
 
Benzene was chosen as the model system for these investigations. What decided the 
selection of benzene as a model system was its simplicity and the clear observations 
of strong EVV 2DIR cross peaks from the many aromatic ring containing compounds 
studied. Having a high symmetry and only 12 atoms meant that ab initio modelling 
could be performed at a high level with a minimal time overhead. The recent 
publication of a detailed study of the infrared absorption spectrum of liquid benzene 
was also a great aid
120
 and included extensive band fitting to extract the peak positions 
of not only fundamentals but also the combination bands and overtones.  
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Conducting a theory/experiment study of benzene was initially considered only as a 
necessary step towards determining whether calculational methods could be a reliable 
guide in describing particular features of a 2DIR spectrum.  As will be shown in this 
chapter, during the course of the study a very interesting feature of EVV 2DIR was 
demonstrated, namely that for cross peaks with large anharmonic shifts such as Fermi 
resonances, cross peak splittings similar to those inherent to 2DIR pump probe and 
photon echo experiments could be observed for a pulse ordering using Eβ as pulse 1. 
These splittings could be ‘switched off’ by using Eα as pulse 1, making the 
identification of the Fermi resonances unambiguous.  
7-2 Spectroscopic properties of benzene 
Throughout this chapter, Herzberg notation will be used to label each normal mode of 
benzene. Table I of Appendix 3 (Chapter 12) displays the Herzberg modes, mode 
frequencies and also the corresponding Wilson notation. Benzene has twenty distinct 
normal modes in terms of frequency. Ten of these are doubly degenerate making 
thirty normal modes overall. Due to the existence of a centre of symmetry, the 
infrared active modes and Raman-active modes of benzene are mutually exclusive. Of 
the 20 fundamentals, four of them are IR-active (ν4, ν12, ν13, ν14) and seven are 
Raman-active (ν1, ν2, ν11, ν15, ν16, ν17, ν18). The remaining nine modes (ν3, ν5, ν6, ν7, ν8, 
ν9, ν10, ν19, ν20) are neither accessible through infrared or Raman spectroscopy. 
  
Shown in Figure 7-1 are a benzene Raman spectrum and benzene infrared absorption 
spectra. The Raman spectrum was collected using a 1 cm pathlength of benzene in a 
quartz cell and a Horiba Jobin Yvon LabRam Infinity spectrometer. The infrared 
spectrum was collected using a 10 µm pathlength of benzene, ZnSe windows and a 
Chapter 7. EVV 2DIR spectroscopy 2. Case study on benzene                                                                                                       
   
 
 215 
Bruker Vertex 70 spectrometer. The Raman spectrum shows that the ν1 and ν2 modes 
have by far the largest Raman cross sections. As shown in Section 7-9 and Figure 
5-23, these modes were both found to give large CARS signals in the experiments 
conducted.  
 
Figure 7-1 Experimental Raman and infrared absorption spectra of benzene. Shown in (a) is the Raman 
spectrum. The spectrum has been rescaled to show clearly all the fundamental mode peaks. ν2 and ν15 / 
Sν1 are roughly 12 and 3 times larger than the scale maximum. Shown in (b) is the IR absorption 
spectrum, scaled to show the fundamental mode absorptions. ν4 is roughly 3 times larger than the scale 
maximum. Shown in (c) are zooms of (b), highlighting the combination bands that gave EVV 2DIR 
cross peaks. Reproduced from Donaldson et al, Journal of Chemical Physics, 127, 114513, 2007. 
 
The selection rules of EVV 2DIR spectroscopy place some important constraints on 
the benzene 2DIR spectrum. As EVV 2DIR involves both infrared absorption and 
Raman-type transitions, the selection rules require that ωα be resonant with an IR-
active state a and ωβ be resonant with an IR-active combination state c=a+b. To 
achieve the visible Raman step in the EVV 2DIR coherence pathways shown in 
Figure 3-6, b must be Raman active. This means for benzene that a must be of 
symmetry species A2u or E1u, c must have a symmetry component of A2u or E1u, and b 
must be of A1g, E1g and E2g symmetry.
8
 
Frequency / cm-1
1000 1500 2000 2500 3000 3500 4000 4500
1
2
ν4 ν13ν14 ν12
2300 2400 2500 2600 2700 3000 3100 32004400 4500 4600 4700
ν13+ν2 ν13+ν17
Fermi Res.
ν13+ν15 / ν13+ν1
ν3+ν13+ν16
ν13+ν16
500 1000 1500 2000 2500 3000
0
ν2
ν17
ν11
ν18 ν16
ν15 ν1
S
ig
n
a
l 
a
.u
A
b
s
o
rp
ti
o
n
 a
.u
a
b
c
S
ig
n
a
l 
a
.u
A
b
s
o
rp
ti
o
n
 a
.u
Chapter 7. EVV 2DIR spectroscopy 2. Case study on benzene                                                                                                       
   
 
 216 
7-3 Calculation of the benzene EVV 2DIR spectrum 
 
Figure 7-2 Benzene molecule and coordinate system used in calculations. Reproduced from Donaldson 
et al, Journal of Chemical Physics, 127, 114513, 2007. 
 
The DFT calculations presented here are for an isolated benzene molecule. 
Environment effects have been neglected, as the shifts in the modes of interest in 
going from gas phase
33
 to liquid phase
29
 are < 25 cm
-1
 and are therefore masked by 
the systematic errors associated with the level of DFT calculations used for this study.  
 
Spectral constants of benzene were calculated by Guo using Gaussian 03 
31
 to 
compute the benzene ground state structure from density functional theory (DFT). For 
these calculations, Becke’s three parameter hybrid exchange functional
142
 was used 
along with Lee, Yang, Parr’s non-local correlation functional (B3LYP).
143
 A large 
basis set 6-311++G(p,d) was used for the calculations. The optimization and 
frequency calculations were carried out under Cs symmetry and the calculated 
frequencies were assigned to the corresponding species under D6h symmetry. The 
molecular plane was chosen as the x-y plane of the coordinate system shown in Figure 
7-2. The results are shown in Table I of Appendix 3 (Chapter 12). 
 
The first and second derivatives of the dipole moments and the first derivatives of the 
polarizability of benzene were calculated numerically with respect to every normal 
mode of benzene. Also obtained through numerical differencing were cubic 
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anharmonic coefficients of the potential energy surface of benzene calculated at the 
optimized energy minimum. The cubic mechanical anharmonicities agreed well with 
previous calculations.
144,145
 The scaled frequencies with the usual 0.96 factor are 
shown in Table I of Appendix 3 (Chapter 12) compared with experimental gas phase 
values. First and second derivatives of the dipole moments, first derivatives of 
polarizability and third derivatives of the potential energy surface are shown in Tables 
II to V of Appendix 3 (Chapter 12). The theoretical methods for calculating the EVV 
2DIR χ(3) were largely the same as those reported by Kwak et al and are not 
reproduced here.
9
  
7-4 Methodology for measurement of the benzene EVV 2DIR 
spectrum  
Benzene (BDH AnalaR 99.7% purity, T=292K) was presented to the laser beams (all 
horizontally polarised) in the dismantleable ‘sandwich’ cells described in Section 5-6. 
The delays were carefully optimised to remove non resonant and singly resonant 
signals. To ensure the measured peak ratios and lineshapes were not distorted by 
window signal and dispersion effects,
13
 the samples were tested in various cell 
configurations. CaF2, sapphire and BK7 windows were examined with teflon spacers 
of varying thickness. 100 µm thick sapphire windows with sample pathlengths of 10 
µm were used to collect the data shown in this chapter.  
 
Due to the strong dispersions of the benzene modes probed, phase matching errors 
changed the lineshapes of peaks measured from cells with pathlengths greater than 10 
µm. Signal to noise was adequate for 10 µm cells, however with such small quantities 
of solvent, evaporation was problematic. Sapphire was used as the window material 
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because it gave far better sealing than the thicker CaF2 and glass windows used, 
presumably because of its higher stiffness and flatness. The choice of window 
material/thickness did not affect the lineshapes of the 2DIR spectra when T12 or T23 
was greater than 1.0 ps. To confirm that phase matching errors were not an issue at 10 
µm pathlengths, 1:4 mole % dilutions of benzene in CCl4 were performed with 10 µm 
sapphire cells, giving similar lineshapes to the pure benzene case.  
7-5 EVV 2DIR spectra of benzene. Theory versus experiment. 
 
Figure 7-3 Representative Eα = pulse 1 EVV 2DIR spectra of benzene. (a) was collected using the idler 
output of OPA β and an H7422-40 PM detector. (b) and (c) were collected with OPA β in DFM mode 
and an H7422-20 PM detector. The delays were (a) T12=T23=3 ps, (b) T12=1 ps T23=2 ps and (c) T12=2 
ps T23=2 ps.  
 
Representative experimental EVV 2DIR spectra of a number of benzene cross peaks 
are shown in Figure 7-3. Cross peaks were observed from the ν13 ring breathing mode 
at 1495 cm
-1
 and its combination bands at around ωβ ~3000 cm
-1
 and ~4500 cm
-1
. The 
EVV 2DIR data showed a 15 cm
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infrared absorption measurements.
120
 Upon completion of the ab initio modelling of 
the 2DIR spectrum it was predicted that further ν13 cross peaks lower in ωβ frequency 
might be observed. Subsequent experiments confirmed these predictions (shown in 
spectrum (c) of Figure 7-3).  
 
The ab initio simulations of the benzene EVV 2DIR spectrum are shown in Figure 7-4 
(a) and (b) and show the calculated frequencies of cross peaks involving third order 
mechanical and second order electrical anharmonic coefficients, along with their 
relative sizes. Only coherence pathway i) was considered in this calculation. The 
peaks in Figure 7-4 (a) (shown with Gaussian lineshapes of equal width) were 
calculated directly from the anharmonic coefficients by scanning every possible 
combination of calculated vibrational modes. In order to achieve a closer fit to the 
experimental data, Figure 7-4 (b) uses the correct treatment of the Fermi resonances 
discussed in the next section and lineshapes derived from the response function 
treatment for EVV 2DIR discussed in Sections 3-4 and 7-8. Figure 7-4 (c) shows the 
experimental EVV 2DIR benzene cross peaks.  Both the theoretical and experimental 
spectra clearly show that the single fundamental mode probed by Eα at around 1500 
cm
-1
 (the ν13 ring breathing/CH stretch mode) contributes to the combination bands at 
~2500, 3050, 3100, 4425 and 4530 cm
-1
.  
 
The theoretical and experimental cross peak positions are shown compared with IR 
absorption data in Table 7-1. The experimental data shows that the cross peak blue 
shift along ωα described in Section 5-11 is roughly 10-15 cm-1 relative to the IR 
absorption data. 
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Figure 7-4 Experimental and theoretical benzene EVV 2DIR spectra. Plots (a) and (b) show the cross 
peaks calculated theoretically. (a) uses Gaussian lineshapes to show positions/intensities. (b) uses the 
lineshape modelling described in Section 3-4 and rigorous treatment of Fermi resonances. Plot (c) 
shows experimental EVV 2DIR spectra of the three sets of cross peaks. The spectra were collected with 
delays of T12 and T23=2-3 ps and Eα = pulse 1.  The weak cross peak shown in graph (c) (‡) is shown 
more clearly in Figure 7-3 (c). Reproduced from Donaldson et al, Journal of Chemical Physics, 127, 
114513, 2007. 
 
The simulated cross peak frequencies of the two overlapping ν13+ν1 and ν13+ν15 
combination bands at 4500 cm
-1
 are in good agreement with experiment. Absent from 
the simulation is the cross peak seen at 4425 cm
-1
 in the EVV 2DIR spectrum, 
previously assigned as the combination band ν3+ν13+ν16 120 and therefore described by 
anharmonic terms of higher order than were considered in the simulation. Although 
the usual scaling of DFT frequencies worked well for higher-frequency-modes such as 
ν1, the scaling of certain modes made the agreement worse. For example, the 2600 
cm
-1
 ν13+ν17 and 2400 cm-1 ν13+ν2 peaks are underestimated by ~60 cm-1 compared 
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with the EVV 2DIR spectrum and infrared absorption measurements.
120
 A discussion 
of the ν13+ ν16 Fermi resonance peaks is the subject of the next Section. 
 
 
Band 
 
EVV 2DIR / cm
-1 
Theory / cm
-1
 
IR absorption
120
 / 
cm
-1
 
 
ν13 
 
1495 1450 1480 
 
ν13+ν2 
 
2485 2420 2484 
 
ν13+ν17 
 
2665 2600 2653 
 
ν13+ ν16 (Fermi) 
 
3100 / 3055 3107 / 3042 
a 
3090? / ? 
b 
 
ν13+ν3+ν16 
 
4420 - 4430 
 
ν13+ ν1/ ν13+ ν15 
 
4540 4511 4543 
 
Table 7-1 Frequencies (cm
-1
) of benzene cross peaks measured by EVV 2DIR and IR absorption 
spectroscopy
120
 compared with those predicted by ab initio calculations (using 0.96 scaling). 
a 
See 
Table 7-2 for further details. 
b
The literature IR absorption bandfitting of the ν13+ ν16 Fermi resonances 
gave ambiguous results.  
 
7-6 The benzene ν13+ν16 Fermi resonance. 
The simulated single peak at 3000 cm
-1
 in the ab initio spectrum of Figure 7-4 (a) was 
calculated as being due to ν13+ν16. Experimentally, a doublet was observed (Figure 
7-4 (c)). It is well known from IR absorption and IR/UV double resonance studies that 
the benzene ν13+ν16 combination band mixes with ν12 and the E1u components of ν2 + 
ν18 + ν13 and ν3 + ν10 + ν18 to form Fermi resonance states.
146,147
 From the symmetry of 
these Fermi state component bands, it can be deduced that three of the Fermi states 
are EVV 2DIR active and in this thesis these are numbered 1 – 3 and correspond to 
states c’’, b’’ and a’’ discussed elsewhere in the literature.
146
 State 2 was too weak to be 
observed with the current experiment leading to the observation of only two peaks 
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overall. It is noted here that the ν16 Raman mode is itself part of a ν16 / ν2+ν18 Fermi 
doublet at ~1600 cm
-1
.
148
 
 
The calculational framework used by Guo
8
 to describe the Fermi resonance states 
shown in the model 2D spectrum of benzene in Figure 7-5(b) was as follows. The 
Fermi mixing coefficients were estimated from the calculated third order mechanical 
anharmonic coefficients. Each Fermi resonance state was expressed (with degeneracy 
accounted for) as the superposition of the ten basis states: 
bb
i
ab
i
ba
i
aa
i
bb
i
ab
i
ba
i
aa
i
b
i
a
ii
vvvgvvvivvvhvvvg
vvfvvevvdvvcvbvaF
1318131813181318
16131613161316131212
2222
'
++++++++++++
+++++++++=
 
     
Equation 7-1 
 
Here i runs over all ten possible Fermi resonance states. The superscripts a/b indicate 
the component of each doubly degenerate state.  The coupling term between 
18103 vvv ++  and any of the other three states involves at least quartic or quintic 
anharmonic coefficients and was therefore neglected. For the same reasons the 
coupling between 12v and 13182 vvv ++  was neglected. Guo derived a 
Hamiltonian matrix for the Fermi resonances with the following form: 
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                                                               Equation 7-2 
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Here 0iE are the energies of the unmixed states and w,x,y,z the anharmonic coupling 
energies calculated from the relevant matrix elements using the ab initio derived third 
order mechanical anharmonicities shown in Table V of Appendix 3 (Chapter 12). 
Although 012E  and 
0
1613+E  were calculated as described in Section 7-3, the three-state 
combination band 0 18132 ++E  could not be calculated without the complete set of quartic 
anharmonic coefficients. Such higher order terms were not available so for 
consistency the energies used for the matrix diagonalisation were taken from the gas 
phase IR/UV double resonance measurements
146
 which included an estimate of 
0
18132 ++E .  
 
Five doubly degenerate Fermi resonance states were obtained, however due to 
symmetry only three of them were EVV 2DIR active (as mentioned previously these 
states are labeled 1-3 respectively).  For simplicity, the degeneracy of the Fermi 
resonances and the component states can be dropped and for the reminder of this 
section the following reduced form for the Fermi resonance states used. 
13182161312' vvvcvvbvaF iiii +++++=  
         Equation 7-3 
 
The energies and compositions of the three EVV 2DIR active Fermi states calculated 
by Guo are shown in Table 7-2. The 
0
1613 vv +  component 
2
ib of each Fermi state is 
responsible for the ν13 EVV 2DIR cross peaks, therefore the 
2
ib  terms are 
responsible for the EVV 2DIR cross peak intensity. The relative strength of the peaks 
in the pathway i) EVV 2DIR spectrum can therefore be predicted directly from the 
1613 vv +  mixing coefficients 
2
3b , 
2
2b  and 
2
1b . These were calculated to be 1.70: 
0.04: 1 for states 3, 2 and 1. The experimentally measured ratios were found to be  
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2.6: 0: 1, a reasonable agreement with the theoretical estimate. The calculated energy 
gap  between states 1 and 3 is 65 cm
-1
, in reasonable agreement with the EVV 2DIR-
IR value of 45 cm
-1
 and a previous measurement by gas phase IR-UV double 
resonance
146
 of 53 cm
-1
. 
Calculated %  components State 1-3 Energy 
Gap  
 
(cm
-1
) 
State 
i 
Calculated 
Energy  
(cm
-1
) 
Measured  
Energy 
(cm
-1
) 
2
ia    
2
ib  
2
ic  
3 3107.2 3100 30.9 61.9 7.2 
2 3078.8 not detectable 7.7 1.6 90.7 
Calculated 
 
Measured 
65
 
 
45
 
1 3042.1 3055 61.4 36.4 2.2 
 
Table 7-2 Calculated and measured energies / mixing coefficients of the EVV 2DIR active 3100 cm
-1
 
benzene Fermi resonance states. Reproduced from Donaldson et al, Journal of Chemical Physics, 127, 
114513, 2007. 
 
7-7 Observation and control of benzene Fermi resonance cross peak 
splittings 
Through the wave mixing energy level diagrams for EVV 2DIR described in Chapter 
3 it was predicted that two different kinds of 2DIR benzene spectra might be observed 
depending on the infrared pulse ordering used, one type due to coherence pathway i) 
(Eα = pulse 1) and the other type due to coherence pathways ii)+iii) (Eβ = pulse 1). 
This feature of EVV 2DIR was not explored in the literature 2DIR spectra of Wright 
et al. For each analyte examined in Chapter 6, attempts at observing Eβ = pulse 1 
2DIR spectra were made, however the data was mostly obscured by destructive 
interference between coherence pathways ii) and iii), with the exception of later 
measurements of CH2 Fermi resonance states made on hexane (Figure 6-9). 
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Figure 7-5 (a) shows the effect on the benzene EVV 2DIR spectrum of having Eα as 
pulse 1. As already mentioned, this results in selection of the single coherence 
pathway i), with single cross peaks involving ν13 with the Fermi resonance states 1 
and 3 observed. If Eβ is pulse 1, coherence pathways ii) and iii) both occur (Figure 7-5 
(b)) and their cross peaks are separated along ωα by the anharmonic energy shifts ∆i 
of the states probed (see Section 2-6 and the WMEL diagrams of Figure 7-5). For ∆ = 
0, EVV 2DIR pathways ii) and iii) destructively interfere, (Section 3-3) but in the case 
of the benzene Fermi resonance doublet the splitting is large enough so that the peaks 
can be separated, revealing the energy shifts to be ∆1 = -25 cm-1 and ∆3 = +20 cm-1 (± 
5) cm
-1
.  
ωα / cm-1
1460 1480 1500 1520 1540 1560
3000
3020
3040
3060
3080
3100
3120
3140
1460 1480 1500 1520 1540 1560
(b)
ω
β
/ c
m
-1
∆1
∆3
(a)
Pathway i) Pathways ii)+iii)
 
Figure 7-5 Experimental EVV 2DIR spectra of benzene demonstrating the ability to switch on 
pathways that reveal the benzene Fermi resonances and switch them off to reduce spectral congestion. 
Graph (a) shows the 2DIR spectrum of ν13 and the Fermi resonance states 1 and 3 with pathway i) 
selected using IR pulse ordering.  Graph (b) shows the 2DIR spectrum with the IR pulse ordering 
reversed, resulting in selection of pathways ii) and iii) simultaneously. Shown to the right of the 2D 
spectra are the IR double resonance energy diagrams for pathways i) – iii) with the visible coherences 
left out for clarity. The resonance conditions for ωαare highlighted for each pathway. The delays in (a) 
were T12= 1 ps, T23= 1.7 ps (Eα =pulse 1) and for (b) were T12= 2 ps and T23= 1.7 ps (Eβ =pulse 1). 
Reproduced from Donaldson et al, Journal of Chemical Physics, 127, 114513, 2007. 
 
Identification of the cross peak splitting involved careful control of the T12 and T23 
delays. For certain delays, interferences between the cross peaks were observed to 
cause extremely distorted cross peak structures, as shown in Figure 7-6. The general 
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interpretation of the split cross peaks as being due to pathways ii) and iii) was verified 
by the response function modeling presented in the next section. 
 
Figure 7-6 Eβ = pulse 1 EVV 2DIR spectra of benzene Fermi resonance cross peaks. Each spectrum 
shows a unique delay combination, illustrating that at certain delays, interferences distort the 2D 
spectrum.  
 
Though still relatively uncommon, a few other research groups have examined Fermi 
resonances with 2DIR pump probe and photon echo methods. In one case, 2DIR 
pump probe was used to determine whether a set of related vibrational states were due 
to Fermi resonances, multiple conformers or vibrational self trapping.
149
 Each 
possibility gave characteristic 2DIR spectra, clarifying the origin of an anomalous 
amide-I band in acetanilide. 2D photon echo experiments were also used to observe a 
Fermi resonance doublet in 2-methoxyphenol-OD.
150
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There is an important difference between photon echo/pump probe and EVV 2DIR 
that emerged from the research presented in this section. As shown in Figure 3-3, due 
to excited state absorption, 2DIR pump probe naturally shows sets of cross peaks split 
by the anharmonic redshift of the energy levels. Photon echo cross peaks are similarly 
split due to incomplete cancellation of two coherence pathways. Figure 7-5 
demonstrates that because EVV 2DIR involves three coherence pathways, with one 
being uniquely selectable, this splitting can be ‘switched’ on and off for individual 
cross peaks simply by making changes to the pulse sequence used.  
 
In this context, the importance of pathway i) should be highlighted. Section 2-6 
described how the anharmonic shift δ is related to the mechanical anharmonicity. For 
systems such as CH2 described in Chapter 6, the anharmonic shifts of the stretch / 
deformation combination bands were found to be small, but the EVV 2DIR signal 
sizes were large, implying that mainly electrical anharmonicity was involved. This 
was verified by ab initio calculations. Thus because pump probe and photon echo 
techniques only give useful signal when there are anharmonic shifts larger than the 
homogeneous linewidth, these methods would observe only a very weak signal from 
the CH2 modes studied in this thesis using EVV 2DIR.  
7-8 Benzene 2DIR lineshapes I. Frequency domain studies. 
One of the aims of the in-depth study on benzene presented in this chapter was to 
better understand the 2DIR cross peak lineshapes observed. The finite infrared laser 
pulsewidths were found to broaden the cross peaks and in all data presented for this 
thesis a range of lineshapes were observed which varied with pulse delays T12 and T23. 
The results of a systematic experimental study of the benzene cross peaks clarified for 
the first time the EVV 2DIR lineshape behaviour as a function of delays. As shown in 
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this section, the results agreed well with the response function simulations outlined in 
Section 3-4 ( Equation 4-4). 
 
Two interesting features were observed in experimental 2DIR spectra. The first was 
that upon increasing T12 and T23 delays to values outside the pulse overlap, the cross 
peaks would narrow. This is demonstrated in Figure 7-7 for a benzene ν13 cross peak 
and can also be clearly seen in Figure 6-5 for polyethylene. The narrowing was found 
to stop once the delays were between 2.0 - 2.5 ps. The second feature was that the 
cross peak lineshapes were found to change in shape from Lorentzian to Gaussian 
upon increasing the pulse delays, with T12 controlling the shape along ωα 
and Τ23 controlling the shape along ωβ.  
  
Figure 7-7  Reduction in cross peak broadening with increasing T12 delays. Shown are ωα scans across 
a ν13 cross peak with increasing T12 delay. Marked on the plots are the FWHH positions. As T12 
increases from 0.5 to 2 ps in steps of 0.5 ps, pathway i) dominates and the peak width goes from 
36→26→20→19 cm
-1
. Note that the laser pulse width was 25 cm
-1
. 
 
The Lorentzian → Gaussian behavior is shown in Figure 7-8. For graph (a) (T12 =2 ps, 
T23 = 0 ps), the 1D cut along ωβ was fit best with the square of the sum of two 
Lorentzians, which along with the usual fitting parameters had adjustable phase 
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factors e
iφ
. Graph (b) (T12 =2 ps, T23 = 1.7 ps) only showed a good fit when using the 
square of the sum of two Gaussians (also with adjustable phase factors e
iφ
).  
           
Figure 7-8 1D cuts and accompanying 2D spectra showing in (a) Lorentzian shape along ωβ at T23=0 
and (b) Gaussian shape along ωβ for T23 =2 ps. For both spectra, Eα is pulse 1 and T12 fixed at 2 ps. In 
the 1D cuts, ωα was fixed at 1500 cm
-1
. Due to the signal deriving from the square of the two peak 
contributions, the fits in (a) and (b) used varying phase factors e
iφ. The fitting functions are shown next 
to the curves. Fournier is gratefully acknowledged for assistance with the fitting. 
 
In collaboration with Guo, EVV 2DIR lineshapes were simulated through numerical 
integration of pathway i) of Equation 3-11 (homogeneous broadening). Gaussian 
excitation pulse shapes were used. Through these simulations, the peak narrowing and 
evolution of cross peak shape from Lorentzian to Gaussian with increasing delays was 
verified, with representative simulations of coherence pathway i) shown in Figure 7-9. 
These experimental and theoretical observations of benzene lineshapes were 
important because other spectroscopic techniques give Gaussian lineshapes only when 
the response is inhomogeneously broadened. It is demonstrated here that when pulse 
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delays are used, the EVV 2DIR lineshapes are Gaussian in form even for 
homogeneously broadened responses.  
 
Figure 7-9 Modelling the 2D lineshape of coherence pathway i). Gaussian excitation pulses with 1.0 ps 
duration and vibrational coherence dephasing rates corresponding to 6 cm
-1
 (ag coherence) and 14 cm
-1
 
(ca coherence) were used in the model. In going from graphs (a) through to (c), the cross peak FWHM 
along ωα decreases from 14 cm
-1 
to 9 cm
-1
 and the FWHM along ωβ decreases from 36 cm
-1
 to 14 cm
-1
. 
Reproduced from Donaldson et al, Journal of Chemical Physics, 127, 114513, 2007.  
 
That the zero delay cross peak shape in Figure 7-9 is Lorentzian and star shaped is in 
keeping with the behavior of a driven system, as described by Equation 3-5 and 
Figure 3-7. This section demonstrates that it is the freely decaying EVV 2DIR 
coherence that gives a Gaussian shaped cross peak, however it is not obvious from the 
lineshape model why. Simulations with square pulse excitations indicated that this 
effect was not a function of the excitation pulse shape, consistent with the 
interpretation of it being free decay behavior. For future work, finding analytical 
approximations to Equation 3-11 might provide the answer.  
 
Lineshape simulations of the Fermi resonance cross peaks were performed by Guo, 
taking into account all three coherence pathways (Equation 3-11) and using the 
experimentally derived/estimated parameters shown in Table 7-3. Shown in Figure 
7-10 are the response function lineshape models compared with the experimental 
2DIR Fermi resonance spectra. 
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Figure 7-10 Experimental spectra compared with response function lineshape models by Guo of 
benzene Fermi resonance states 1 and 3. Graphs (a) and (b) shows respectively the experimental and 
model spectra for pathway i) (T12= 2 ps and T23=0 ps) and Graphs (c) and (d) show the experimental 
and model spectra for pathways ii) + iii) (T12= 2 ps and T23= 1.7 ps). Note that in Graphs (a) and (b), 
the lineshape along ωβ is approximately Lorentzian due to T23 being zero. Reproduced from Donaldson 
et al, Journal of Chemical Physics, 127, 114513, 2007. 
 
Parameters used in lineshape simulations 
FWHM of pulses (ps) 
0.88 (field) 
=1.0 (intensity) 
ωc(1)g, ωc(3)g, ωag, ωbg (cm
-1
)  
3055, 3100, 1500, 
1580 
∆1, ∆3 (cm
-1
) -25, 20 
Γcg (cm
-1
)     13.3 
Γag (cm
-1
)     7.4 
Γca (cm
-1
) * 15.0 
Γbg (cm
-1
) * 16.5 
AEVV 2DIR-IR : AEVV 2DIR-Raman 
*
,‡ 1.0 : 1.0 
 
 Table 7-3 Parameters used by Guo in the simulated spectra. Quantities labelled with * were estimates. 
All other quantities are those obtained by experiment.
 ‡
 AEVV 2DIR i)/ii) /AEVV 2DIR iii) is the ratio of the 
amplitudes of each coherence pathway, described in further detail in Section 3-4. 
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It can be seen that the simulated spectra of Figure 7-10 show tilted cross peaks. This is 
due to the ωβ−ωα and ωc−ωa dependence of the second coherence in to Equation 3-11. 
Interestingly, such tilts were seldom observed in experimental cross peaks when pulse 
delays were used. Notable cases of tilted cross peaks can be seen in the peptide 
spectra of Figure 9-11, however in this case there was still some pulse overlap in the 
excitation beams. Simulations of inhomogeneous distributions of the energies of a and 
c retained the cross peak tilt. An inhomogeneity in the anharmonic splittings was 
found to change the tilt, but not enough to consistently give rounded peaks. The phase 
matching simulations of Section 5-11 also showed many different kinds of line shape 
changes, but none removing the tilt on the cross peaks. The lack of tilt in the 
experimental EVV 2DIR cross peaks is therefore unexplained and a topic for future 
investigations.    
7-9 Benzene 2DIR lineshapes II. Time domain studies. 
As demonstrated in the previous section and Chapter 6, frequency domain EVV 2DIR 
lineshapes are often broadened by the IR laser pulse bandwidths, obscuring the real 
linewidths and any narrowly separated peaks that fall under the pulsewidth. One way 
around this is to use the modeling demonstrated in Figure 7-10 to extract the peak 
positions/linewidths, however for systems with more than two or three overlapping 
peaks this process becomes time consuming and potentially unreliable. For many 
cases reported in this thesis, the lifetime of the first coherence with Eα = pulse 1 could 
be easily measured, giving a direct measure of the IR absorption linewidth along the 
ωα coordinate. The benzene Fermi resonances were the only case encountered where 
the lifetime of the first coherence could be measured with Eβ = pulse 1 to give the 
combination band lifetime. This was because most other systems had smaller 
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anharmonic shifts, leading to complete destructive interference between coherence 
pathways ii) and iii) within the pulse overlap.  
 
Figure 7-11 Benzene coherence lifetime measurements. The graphs show the variation of EVV 2DIR 
signal with T12 delay. Graph (a) is the ν13 coherence lifetime, measured with Eα as pulse 1, ωα fixed at 
1500 cm
-1
 and ωβ at 3100 cm
-1
. Graphs (b) and (c) are the lifetimes of Fermi tetrad states 1 and 3 
extracted from a series of 2D spectra recorded at multiple T12 delays with Eβ as pulse 1. The measured 
signal depends on the coherence decay rate as I(t) ∝ (e-Γt)2. Reproduced from Donaldson et al, Journal 
of Chemical Physics, 127, 114513, 2007. 
 
Shown in Figure 7-11 are the single quantum coherence T12 lifetime measurements for 
ν13 (Eα = pulse 1) and states 1 and 3 of the ν13+ ν16 Fermi resonances (Eβ = pulse 1), 
along with single exponential fits to each curve. The benzene ν13 coherence decay 
shown in Figure 7-11 (a) is purely mono-exponential outside the pulse overlap region. 
The decay rate of the ν13 coherence was measured to be 0.7 ps-1 ± 10%, corresponding 
to a decay time of 1.4 ps and an IR width of 7.4 cm
-1
. Previous IR spectra fits
120
 
yielded a ν13 infrared absorption peak width of 5.8 cm
-1
. This value is almost within 
the EVV 2DIR experimental errors.  
 
The decay rates of Fermi tetrad states 1 and 3 (Figure 7-11 (b) and (c)) were identical 
within experimental error, both measured as 1.25 ps
-1
 ± 10% (corresponding to a 
decay time of 0.8 ps and a linewidth of ~13.3 cm
-1
). Band-fitting procedures gave IR 
absorption widths for states 1 and 3 of ~8.7 cm
-1
 (1.2 ps),
120
 smaller by 40% 
compared with the EVV 2DIR measurements. Previous time domain work measuring 
times for transfer of populations from the benzene Fermi resonance tetrad states 1-3 to 
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band ν1 gave values of less than 1 ps,151 in the absence of pure dephasing this gives a 
coherence lifetime of 2 ps. It is possible in the case of the EVV 2DIR measurement 
that interferences (especially apparent in Figure 7-11(c)) invalidate the simple 
exponential fitting method used. 
 
Figure 7-12 T23 scans of the FWM signal from benzene and non resonant background (CaF2 window 
signal). For graph (a) ωβ =4540 cm
-1
 and graph (b) ωβ =2485 cm
-1
. In both graphs, ωα =1490 cm
-1
 and 
T12=0. 
 
For most systems studied in this thesis, the laser pulses used were not short enough to 
reliably extract a coherence lifetime from T23 scans. Two anomalous situations arose 
during the benzene studies where T23 scans showed significant non-EVV 2DIR signals 
outside of the pulse overlap. These were when ωβ was tuned near the combination 
bands at ν13+ν1 (4540 cm-1) and ν13+ν2 (2485 cm-1) for ωα resonant with ν13 (1490 
cm
-1
). At these frequencies, the difference between ωβ and ωα also matched the 
Raman frequencies of the strong ν1 and ν2 bands. As can be seen from the Raman 
spectrum in Figure 7-1 these two modes have very large Raman cross sections causing 
non-EVV 2DIR processes via these modes such as CARS to dominate the signal of 
the T23 scans, as shown in Figure 7-12.  
 
The 2485 cm
-1
 T23 scan relating to the ν2  mode (Figure 7-12 Graph (b)) is very 
interesting and worth some further discussion. An extremely large signal was seen 
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with an exponential decay constant of 4.5 ± 0.1 ps. As described in Section 3-4, 
because the measurement of the coherence lifetime is in quadrature for EVV 2DIR, 
the actual coherence decay time (T2) is a factor of two larger than that measured by 
intensity measurements, implying a 9 ps coherence decay time. Incoherent population 
decay measurements (T1) are not in quadrature and a literature Raman population 
decay time of 4.7 ± 0.2 ps was reported for the ν2 mode of benzene.152 The difference 
of a factor of two (within experimental error) supports the interpretation the Figure 
7-12 Graph (b) decay as being due to the ν2 mode (T2=2T1 in the absence of pure 
dephasing). 
 
There is however a problem here in deciding whether the signal of Figure 7-12 (b) is 
due to the coherent singly resonant CARS process encountered many times in this 
thesis or if it is due to Eα and Eβ generating a ν2 population via stimulated Raman and 
then the delayed Eγ  pulse driving an anti-Stokes Raman transition. In terms of output 
frequencies, these two processes are identical but because the ν2 Raman cross section 
is extremely large, it is likely that action of Eα and Eβ pulses generates a significant 
population of excited ν2 modes. These coherence and population measurements might 
be distinguished in future by compromising the phase matching condition satisfied for 
the CARS process.     
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Chapter 8. EVV 2DIR spectroscopy 3. 
Structure and dynamics 
It has been demonstrated in Chapters 6 and 7 that the EVV 2DIR experiment described in 
this thesis is a practical spectroscopic tool capable of decongesting the vibrational spectra 
of complicated molecules. Combined with the potential improvements in sensitivity of 
Chapter 10, this feature may make 2DIR spectroscopy a potential solution to a number of 
analytical problems, as discussed in Chapter 9.  
 
In much of the published literature to date, the potential of 2DIR is frequently interpreted 
in a completely different manner to that described above. The early analogy made 
between 2DIR and 2D-NMR
3,23,30
 led to many investigations into how 2DIR pump probe 
and photon echo experiments might be used for time resolved structural 
investigations.
64,69,71,74-76,114
 No such applications of EVV 2DIR have been reported so far 
and in this brief chapter it is described how EVV 2DIR might be used for transient 
molecular structure investigations in the liquid state and what kind of spectral behaviour 
should be expected. A number of attempts at measuring spectral signatures of transient 
structures through EVV 2DIR measurements were made and although no conclusive 
results have yet been observed, investigations of cyclooctane reported in Section 8-3 of 
this chapter yielded interesting behaviour.  
8-1 Structural information and 2DIR spectroscopy 
When detailed structural information on a molecular system is required, the analytical 
methods of choice are usually x-ray diffraction, NMR and possibly neutron diffraction. 
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Linear vibrational spectroscopy is nowhere near on the same level for structural analysis 
and is ordinarily thought of as a ‘compositional’ method. It is interesting to note that 
isolated vibrational peaks are in fact sensitive reporters of bond length changes. 
Callender estimates that a 5 cm
-1
 band shift might typically correspond to a change in an 
internal coordinate of 0.02%.
153
 For a bond length, this implies sub Angstrom sensitivity.  
 
In principle, the dependence of the electrical and mechanical anharmonic terms on the 
geometrical arrangements of internal coordinates is contained in the intensities and 
frequencies of a combination band (see Equation 2-55 and Equation 2-64 of Section 2-6). 
For molecules of a modest size, the sheer complexity of IR absorption and Raman spectra 
means that much of the structural information is inaccessible due to spectral congestion. 
Furthermore, even for isolated modes, making spectral assignments of combination bands 
is a difficult, time consuming process.  
 
2DIR methods not only offer spectral decongestion, but the cross peaks report directly on 
the anharmonic terms. The short excitation pulses used can measure very fast structure 
changes and in some cases remove broadening mechanisms which blur the spectrum. It 
has been shown in this thesis that EVV 2DIR is sensitive to combination states and that it 
can extract their cross peaks from complex bandshapes of other modes. Furthermore 
EVV 2DIR can automatically determine which of the fundamental modes is involved in 
the combination band, greatly assisting the assignment. This is in general not possible in 
infrared and Raman spectroscopy and EVV 2DIR spectroscopy therefore opens a new 
and practical route for structural studies using combination bands.  
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It is therefore of great importance to establish whether or not protocols can be found to 
extract structural parameters from a set of EVV 2DIR cross peaks. The simplest example 
to illustrate this was outlined by Cho and coworkers in a theoretical proposal for IR-IR 
three wave mixing (2DIR VV TWM, see Chapter 10).
154
 They deduced that in the lab 
frame, the orientationally averaged second order response is proportional to terms 
involving the projection of one transition moment onto the area vector of two other 
transition moments:  
).(
6
1)2(
agabgbxyz
R µµµ ×∝   
          Equation 8-1 
 
This important relation shows that by measuring several cross peaks involving modes a 
and b, angles relating the vectors of one normal coordinate to another can be found. 
Similar relations might exist for the third order response terms of EVV 2DIR and an 
ongoing research effort is aimed at deducing these.  
8-2 EVV 2DIR transient structure detection 
The aim of this section is to show how the ultrafast timescale of an EVV 2DIR 
measurement might be used to detect transient molecular structures. Two different 
scenarios are dealt with. The first is molecular structure changes that occur reversibly 
(fluxionality and chemical exchange). This implies a system in equilibrium. The second 
scenario is for a non-equilibrium system, in other words an irreversible structural change.  
 
Of fundamental importance in the observation of equilibrium structural change by 
spectroscopic methods is whether the structural change takes place on a timescale shorter 
than the dephasing processes of the observables or longer than the timescale of the 
experimental probing process. Consider interconversion of a molecule between two 
structures. In the slow exchange limit, structural changes occur on a timescale slower 
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than the dephasing processes and spectroscopic features of the two structures can be 
discerned (as shown in Figure 8-1). In the fast exchange limit, the structural changes are 
more rapid than the measurement timescale and the spectroscopic features of the 
structures are blurred (known as band coalescence).
27
  
ω
a b
a b
ω
a+b
slow exchange fast exchange  
 
Figure 8-1 Depiction of spectroscopic signatures from structures a and b undergoing slow and fast 
exchange processes.  
 
The coalescence of bands from fluxional molecules depends roughly on the band 
separation and on the timescale of the exchange, broadening the band in rough 
accordance with the energy/time uncertainty principle. Observation of coalescence of two 
bands is the NMR spectroscopic signature of exchange processes. Spin relaxation times 
are ~10
-3
-10
-6
 s and for many molecular systems it is possible to observe band 
coalescence by variation of temperature or concentration of the analyte.  
 
For the case of vibrational spectroscopy, dephasing times are on a picosecond-
femtosecond timescale and often not very temperature dependent, so the phenomenon of 
band coalescence in conventional IR and Raman spectroscopy has therefore only been 
reported for a limited number of cases.
155
 Transient structures can however instead be 
detected through the use of optical pulses shorter than the structural change and 
dephasing timescales of interest. Thus the changes can be monitored in real time and if a 
suitable trigger process can be found, non equilibrium changes can be studied. This field 
of time resolved vibrational spectroscopy currently encompasses a diverse range of 
techniques and applications.
156
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Time resolved chemical exchange processes in 2DIR experiments for the slow exchange 
limit were first reported by Hamm and coworkers.
157
 They recorded 2DIR pump probe 
spectra of N-methylacetamide dissolved in methanol. N-methylacetamide is known to 
adopt two conformers in methanol, one distinguishable from another by an extra 
hydrogen bond with the surrounding solvent. Two diagonal cross peaks from the amide II 
bands of two conformers were observed in the 2DIR spectrum. Upon increasing the probe 
delay from 750 fs to 4.5 ps, an off-diagonal cross peak appeared, showing a coupling 
between the two conformers. This was a clear demonstration of a population of molecules 
converting from one conformation to another through hydrogen bond making/breaking.  
 
A number of 2DIR photon echo experiments observing slow chemical exchange have 
since been reported. The first such study was by Fayer and co-workers. Phenol 
complexation and de-complexation with benzene was observed from the phenol OD 
stretch band and in a similar manner to the Hamm study gave off diagonal cross peaks 
after a waiting time of 5 ps, showing that conversion between the free and complexed 
phenol was taking place.
61
 Hochstrasser recently demonstrated how fast exchange 
processes could be identified using the 2DIR photon echo.
60
 No investigations of 
chemical exchange with EVV 2DIR have yet been reported. 
 
Unlike the 2DIR pump probe and photon echo experiments described above, EVV 2DIR 
has so far been performed at frequencies ωα and ωβ giving cross peaks far from the 
diagonal for mode a and its combination band c. It is shown here what might be expected 
from such experiments on systems with transient structures. In Figure 8-2, two 
conformers x and y of a molecule are considered. These cause a vibrational mode a to be 
split (slow exchange limit). For this to hold true, the dephasing of mode a must be faster 
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than structural conversion time constant. Structural conversion however can still be 
observed if the nonlinear signal generated in the free decay phase for mode a is large 
enough to be measured on timescales of the structural change, despite the dephasing. This 
was the case in the work of Hamm and the work of Fayer.  
 
With the current experiment reported in this PhD thesis it has been possible to measure 
EVV 2DIR signal at roughly three to four times the exponential lifetime of an a mode 
coherence. The constraint on which dynamical processes can be observed from a 
homogeneously broadened mode is therefore as follows: 

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          Equation 8-2 
 
For the vibrational dephasing times of various functional groups measured in this thesis 
the conditions of Equation 8-2 are satisfied for structural changes with time constants of 
between approximately 3 and 20 ps. Figure 8-2 shows that should such conditions hold, 
the influence of structural changes on mode a will give a / c cross peak shifts along ωβ 
with increasing T12 delay. This is due to the a coherence generated from the population of 
x conformers being transferred to a coherence in a population of y conformers (and vice 
versa), hence affecting the resonant frequency of its combination band c. Finally, if a 
structural change alters the Raman or infrared activity of modes interacting with pulses 2 
or 3, cross peaks might appear in the EVV 2DIR spectra at later delays, in contrast to the 
situation in Figure 8-2 where the ‘same’ cross peak shifts in frequency.  
 
If any changes in mode b occur, these might be detected by measuring the shift in 
nonlinear signal frequency ωδ, as shown in Figure 8-2 (b). Such coherence transfer 
induced nonlinear output frequency changes have been observed in a different context for 
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a type of bath-system exchange in TRIVE-FWM experiments of Wright and 
coworkers.
158
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Figure 8-2 Demonstration of transient structure effects in EVV 2DIR spectra. The WMEL diagram shows 
coherence pathway i). In this scenario, the energy level of vibrational band a is split due to the presence of 
two fluxional conformers x and y. This splitting also applies to combination band c. It is shown in the 
hypothetical 2D spectra of (a) how the cross peaks from the two fluxional conformers will shift during the 
waiting time T12 upon excitation of the a coherence with pulse 1. In (b) it is shown how a shift in mode b of 
the combination band will result in a change in nonlinear signal frequency ωδ.  
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Figure 8-3 A simple example of how a cross peak shift in a EVV 2DIR  spectrum might be observed upon 
decay of an excited state ensemble created by Eexc and using the pulse sequence defined above. Assuming a 
population inversion, at T12=0 the cross peak is from the excited state conformer. As T12 increases, the 
population relaxes and cross peak intensity for the ground state grows.   
 
The constraints of vibrational dephasing on the timescales of structural changes 
observable with EVV 2DIR can be lifted by inducing non-equilibrium changes in the 
system of interest such as those used in many other types of transient spectroscopic 
experiments.
156
 Here, a light pulse initiates a structural change in a molecular system and 
after a waiting time a subsequent spectroscopic process probes the change. Examples 
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include temperature jumps, populations of electronic excited states, photoisomerisation 
processes and pH jumps using photolabile systems.
156
 In these cases after a specified 
waiting time, an EVV 2DIR process might then be initiated. There are numerous ways of 
cycling these processes to allow multiple shot data collection, with the resulting spectrum 
collected reporting on mode frequencies of the transient structure. Recently, 2DIR photon 
echo experiments have been developed for single shot data collection.
159
 
 
The only constraint on observing non-equilibrium processes by 2DIR is that the 
observation of the cross peak reporting on structure must be made to occur on a timescale 
much shorter than that of the structural change of interest. Such measurements in 2DIR 
spectroscopy have been pioneered by Hamm and co-workers in their studies of photo-
switchable peptides
63,69
 and by Tokmakoff and co-workers through temperature jumps of 
protein systems.
160
    
8-3 EVV 2DIR investigations of cyclooctane 
This section describes the progress made in testing the ideas presented in Sections 8-1 
and 8-2 for using EVV 2DIR spectroscopy to measure molecular structure and dynamics. 
The initial problem was in finding a suitable model system. Despite the large number of 
amide I structural 2DIR studies,
71,73,74,114
 the problems associated with measuring amide I 
lineshapes described in Chapter 5, Section 5-12 prevented similar studies by EVV 2DIR. 
Chapter 9, Section 9-7 described the observation of peptide backbone CH/amide II / III 
cross peaks but it is yet to be confirmed whether they can be used for secondary structure 
determinations. Deuterated phenol dissolved in benzene was investigated by EVV 2DIR 
on the basis that previous photon echo studies of the OD stretch by Fayer and co-workers 
had observed ‘real time’ complexation dynamics of phenol and benzene.
61
 Due to the fact 
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that no phenol OD stretch modes could be measured, the EVV 2DIR experiments were 
however inconclusive. 
 
As was shown in Chapter 6, cross peaks from methylene groups of the scissor mode and 
the scissor / stretch combination band were found to be sensitive to structure and 
chemical environment . EVV 2DIR spectra of the cyclic alkane systems cyclohexane and 
cyclooctane showed interesting sets of split scissor mode cross peaks, as shown in Figure 
8-4. Cyclooctane is known to comprise a number of inter-converting conformations in the 
liquid state at room temperature, consisting of mainly the ‘boat-chair’ (80%) and the 
‘crown’ (8%) conformers.
161
 A natural question raised during the research of this thesis 
was whether or not these structures and interconversion dynamics of cyclooctane and 
other cyclic alkanes could be discerned using EVV 2DIR. The results of preliminary 
experimental and theoretical investigations are presented here. 
 
Figure 8-4 Example EVV 2DIR spectra of split methylene scissors peaks in cyclohexane (left) and 
cyclooctane (right). Both spectra were recorded with Eα=pulse 1 and T12=T23= 2 ps. 
 
The boat-chair conformation of cyclooctane has five non-equivalent methylene groups. 
As a consequence the infrared and Raman spectra of cycloctane show five symmetric CH 
stretch peaks.
162
 The infrared CH2 scissor modes are not so easily understood in this 
manner as there are only three peaks in the liquid infrared spectrum at roughly 1450, 
1470 and 1480 cm
-1
.  
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EVV 2DIR spectra of cyclooctane (Fluka Puriss >99.5%) were collected in cells of 10 
and 100 µm pathlength. Signatures of the interconversion dynamics described in Figure 
8-2 were searched for by examining the changes in 2DIR spectra for varying T12 delay. 
Although no effects were seen that could be described as simply as those in Figure 8-2, 
some very interesting behaviour was observed from the scissor mode and the scissor / 
stretch combination band cross peaks. Figure 8-5 shows a representative dataset, with 
Figure 8-6 showing selected data in one-dimensional form. It should be noted that the 
2DIR graphs are not on an absolute intensity scale, each has its own scale. To get an idea 
of how the absolute signal levels are varying, it is informative to examine the resonant T12 
scans of Figure 8-7. 
 
At T12=0 ps in Figure 8-2, a crowded set of cross peaks can be seen. The dominant peaks 
lie along ωα ~1455 and 1485 cm-1 with a weaker set observable at around 1445 cm-1. 
There is also some weak CH2 wag signal at ~1400 cm
-1
. The ωα =1485 cm-1 cross peaks 
remain largely unaltered in form and relative intensity as T12 increases. There are very 
complicated changes occurring in the ωα =1455 cm-1 line of cross peaks however. 
Though it is possible that the changes are due to quantum beating, it is not easy to see 
which cyclooctane modes are interfering with one another around ωα =1455 cm-1. For the 
case of arginine (Section 6-8), the quantum beating cross peaks are obvious from 
inspection of the 2DIR dataset. For cyclooctane (Figure 8-5), the narrow line of four 
cross peaks along ωα =1455 cm-1 persist until ~T12= 1 ps whereupon they disappear (this 
can be seen in the delay scans Figure 8-7) and by two picoseconds are replaced by two 
cross peaks.  
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Figure 8-5 EVV 2DIR spectra of cyclooctane. ωα is probing mainly the CH2 scissoring motions and ωβ is 
probing mainly the combination bands of the CH2 scissor and stretch modes. It is important to note that the 
spectra are not corrected for the ~15 cm
-1
 cross peak blue shift known to occur in the CH2 scissor region. 
The spectra were recorded with Eβ=pulse 1 and T23= 2 ps. The intensity scales of each graph are different, 
with the absolute intensities given in Figure 8-7. 
 
 
Figure 8-6 Selected one dimensional cuts of the cyclooctane EVV 2DIR spectra presented in Figure 8-5.  
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Figure 8-7 EVV 2DIR T12 delay scans from doubly resonant cyclooctane signal. Each graph i) to iv) is the 
time delay scan of each of the major cross peaks seen in the 2DIR spectra of Figure 8-5. T23= 0 and 
Eβ=pulse 1. The signals are all on the same scale. Shown in red are example nonresonant cross correlation 
signals, multiplied by 20x.  
 
Compared with other data reported in this thesis, the resonant T12 scans of Figure 8-7 are 
also unique in appearance. The 1485 cm
-1
 scans are not at all exponential and although 
giving stronger signal than the 1455 cm
-1
 cross peaks at earlier times, by T23=3 ps, the 
1455 cm
-1
 cross peaks are stronger, giving the noticeable ‘intensity swap’ in Figure 8-5.  
 
Shown in Figure 8-8 is a set of EVV 2DIR spectra collected with ωβ scanned in the CH 
stretch region. This region was less attractive for studying cyclooctane than the near 
infrared stretch/scissors combination band region because of the even greater complexity 
in band interpretation (see Section 6-3) and because the strong CH stretch bands caused 
phase matching errors which distorted the nonresonant background and EVV 2DIR 
features. Datasets with 10 and 100 µm cell pathlengths were compared with one another 
and T23 values of 2 ps and 0 ps investigated. The spectra and T23 variations were 
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qualitatively the same, all containing two interesting features; the splitting of the 
ωα~1490 cm
-1
 cross peak with increasing delay and the rise in size with increasing T12 
delay of cross peaks at ωα=1440 and 1450 cm-1 (see for example Figure 8-9, graph iii)). 
This rising signal was later observed in other aliphatic solvents and hence is less likely to 
be related to structure change. The type of cross peak splitting might also be quantum 
beating.  
 
Figure 8-8 EVV 2DIR spectra of cyclooctane (100 µm pathlength cell). It is important to note that the 
spectra are not corrected for the cross peak blue shift known to occur in the CH2 scissor and stretch regions. 
The spectra were recorded with Eβ=pulse 1 and T23= 2 ps. The intensity scales of each graph are different.  
 
It can be concluded from this basic investigation that the possibility of signatures of 
dynamics cannot be ruled out, however interferences and band complexity cloud the data 
to an extent that it cannot be verified either. In order to try and simplify the situation and 
develop a basic model for the cross peak energy levels, simulations of the EVV 2DIR 
spectra of different conformers of cyclooctane were carried out by Guo using methods 
similar to those described in Chapter 7. From an experimental point of view, the interest 
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in this activity was to determine whether the simulated cross peak patterns were similar to 
those observed and whether alternative spectral regions might contain better separated 
cross peaks. In a more general sense, cyclooctane constituted a model system for gaining 
an understanding of how structural features are expressed in an EVV 2DIR spectrum.  
 
Figure 8-9 EVV 2DIR T12 delay scans from doubly resonant cyclooctane signal. Each graph i) to iv) is the 
time delay scan of each of the major cross peaks seen in the 2DIR spectra of Figure 8-8. T23= 0 and 
Eβ=pulse 1. The signals are all on the same scale.  
 
Shown in Figure 8-10 are EVV 2DIR spectra of four cyclooctane conformers simulated 
by Guo. The line of cross peaks containing the CH2 stretch mode combination bands are 
particularly intense and it can be seen that many of the crown conformation cross peaks 
are well separated from those of the other conformers. This is a useful piece of 
information that may aid future experimental studies.  
 
Shown in Figure 8-11 are calculated cross peak patterns in the spectral regions explored 
with the EVV 2DIR experiment. The cross peaks are represented using Gaussian cross 
peaks of 15 cm
-1
 FWHH, roughly comparable to those seen in the experimental EVV 
2DIR spectra. It can be seen that none of the ωβ 4250-4500 cm-1 spectra match with those 
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experimentally measured in Figure 8-5. The ωβ =2700-3100 cm-1 simulations of the boat-
chair, twisted boat chair and boat-boat conformations were similar to one another, so only 
the boat-chair is shown compared with the crown conformer. Due to the limitations of the 
experiment in terms of phase matching errors and the inadequacy of the calculations in 
this spectral region (Section 6-3), no comparisons will be drawn between experiment and 
theory for the ωβ =2700-3100 cm-1 simulations, although it is noted that the simulation 
predicts an additional crown peak at ωβ =2750 cm-1.  
ωα / cm-1
ω
β
/ 
c
m
-1
ω
β
/ 
c
m
-1
 
Figure 8-10 Ab initio EVV 2DIR simulations of four different conformers of cyclooctane calculated at the 
level of B3LYP/6-31+G(d,p). Effects of Fermi resonances and Darling-Dennison resonances and of 
environment were not considered. Data courtesy of Guo. 
 
If the 80% abundant boat chair conformer was largely responsible for the EVV 2DIR 
spectrum, the boat chair spectrum of Figure 8-11 would match the ωβ 4250-4500 cm-1 
experimental spectra of Figure 8-5. It has already been demonstrated that the EVV 2DIR 
experiments give reliable data in this spectral region (see for example Figure 6-8), so it 
may be that the simulations are incorrect. It is noted here that simulating such floppy 
molecules even for the gas phase is not without its problems and ambiguities.
163
 It is also 
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possible that the 8% abundant crown conformation could be making a much larger 
contribution to the spectrum than would be expected from Figure 8-11, where the largest 
crown peak is 1.4 times bigger than the largest peak in the boat-chair graph. It cannot be 
ruled out that the first laser pulse may also be causing conformational changes along with 
generating the EVV 2DIR signal, giving a spectrum that is a mixture of the graphs in 
Figure 8-11.  
 
Figure 8-11 Selected spectral regions of Figure 8-10 corresponding to those explored in the EVV 2DIR 
experiments. Gaussian responses of 15 cm
-1
 FWHH have been used to represent the cross peaks. Every 
spectrum is on a slightly different z scale, each within x2 of one another.  
 
In conclusion, the experimental EVV 2DIR data of cyclooctane with varying T12 delay 
show interesting behaviour quite unlike that seen in other samples. More experimental 
and theoretical work is however required to interpret the 2DIR spectra and to determine 
whether the T12 signal changes are related to conformational changes.
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Chapter 9. EVV 2DIR spectroscopy 4. 
Peptides and proteins 
The ultimate goal of the research presented in this thesis was to develop 2DIR techniques 
to a point where they could be applied in the life sciences to problems of practical 
importance to chemical biologists. This thesis shows that EVV 2DIR might exceed 
existing vibrational spectroscopic methods in terms of sensitivity and information 
content. The question of whether a protein could be uniquely characterised by its 2DIR 
spectrum was posed by Klug.
164
 The aim of the research reported in this thesis was to 
help to answer that question.  
 
The investigations presented in Chapters 5 - 8 were fundamentally influenced by the goal 
of achieving a protein ‘fingerprint’. As demonstrated, the EVV 2DIR experiment and 
methodology first had to be thoroughly tested on a number of different analytes and 
protocols were established for giving reliable and repeatable results. Through the course 
of these investigations, many of the salient features of EVV 2DIR were uncovered. It was 
confirmed that these results could be understood in terms of the fundamental theories 
describing the experiment and that spectra/structure correlations could often be used in a 
similar manner to conventional vibrational spectroscopy. A suitable sample handling 
method for obtaining protein spectra was also established
115
 and as presented in this 
chapter, the first protein EVV 2DIR ever obtained from proteins were collected.  
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The methodologies for sample handling and data acquisition have since been used to 
great effect by Fournier and Gardner to identify suitable cross peaks for the 
quantification of amino acids in peptides and proteins.
10
 As will be shown in this chapter, 
these investigations demonstrated that the levels of amino acids in peptides and proteins 
could be quantified for the residues phenylalanine, tyrosine and tryptophan relative to 
internal standard CH2 and CH3 cross peaks. Further work in collaboration with Loeffeld 
has demonstrated a detection limit for the aromatic cross peaks of roughly 10
11
 molecules 
for BSA (Bovine Serum Albumin). A bioinformatics approach to identifying a protein 
from its amino acid content relative to CH2 was created by the Imperial College 
Bioinformatics group and Gardner has applied it to assess the level of information 
required of a spectroscopic technique such as 2DIR to identify a protein. 
 
In order to develop a spectroscopic technique such as EVV 2DIR into a useful 
bioanalytical tool it is important to appreciate and understand the strengths and 
limitations of other well established optical techniques. Such an assessment allows 
existing technology to be adapted to improve the EVV 2DIR methodology and unique 
aspects of EVV 2DIR to be capitalised upon. Sections 9-1 to 9-5 addresses this concern 
by discussing the typical performances of Raman, Resonance Raman, Surface enhanced 
Raman, Coherent Anti Stokes Raman, Stimulated Raman, Sum frequency generation, 
infrared absorption, UV/Visible absorption and UV/Visible fluorescence.   
9-1 Bio-analytical benchmarks: I. Background  
For EVV 2DIR to be useful as a basic bio-analytical tool it must achieve a level of 
information content and sensitivity that gives it specific advantages over existing optical 
methods such as infrared absorption and Raman spectroscopy, making the extra 
complexity and expense worthwhile. Although beyond the scope of this thesis, to be 
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useful as a tool for solving problems of immediate relevance in proteomics, EVV 2DIR 
or some variant 2DIR technique must offer convenient solutions to the problems hard to 
solve with modern day proteomics workhorses such mass spectrometry and two 
dimensional polyacrylamide gel electrophoresis (2D-PAGE). To achieve this, the 
technique should be capable of detecting sub femto/attomole (~10
9
 -10
5
) analyte levels 
and the spectroscopic signal should contain enough information to quantitatively report 
on the property of interest, ideally in a label free manner. The general idea pursued in this 
thesis is that the vibrational modes of proteins contain sufficient information for 
applications such as protein identification and secondary structure determination. The 
issues are whether this can be achieved with high sensitivity and high enough accuracy. 
 
The aim of this section is to show some specific features of well established optical 
techniques such as Raman, infrared and fluorescence emission spectroscopy that can be 
viewed as forming a set of ‘benchmark’ capabilities for comparing the newly developing 
EVV 2DIR techniques to. The evolution of EVV 2DIR beyond the basic demonstrations 
by Wright  and co-workers on CS2 and acetonitrile 
3,5
 can be seen throughout the results 
sections of this thesis. The experimental methodology used was still comparatively crude 
and Chapter 10 indicates that the performance of the technique will be significantly 
enhanced through a number of technical innovations. In this respect, immediate 
comparison of the capabilities of EVV 2DIR with other more established techniques 
might be considered premature, however for the sake of appreciating what must be 
achieved to make EVV 2DIR useful and worthwhile, such comparisons are highly 
informative. In Section 9-6 a label free high throughput protein identification strategy 
using EVV 2DIR on thin protein films is presented and it is in this particular context that 
comparisons are made with other optical techniques. 
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The chemical content of proteins places important constraints on vibrational 
spectroscopy. The vibrational motions of protein functional groups are largely limited to 
those of amide, aliphatic, hydroxyl, carboxylic acid and aromatic moieties, with traces of 
many other types of species such as amine, imidazole, thiol, disulphide, phosphate and 
prosthetic groups.
165
 Therefore a requirement of a protein vibrational spectroscopic 
technique is that it should either be able to extract useful information from the dominant 
features in the protein spectrum, and/or be sensitive to the trace species.  
 
Sensitivity (more accurately the lowest acceptable signal to noise achieved with the 
smallest amount of analyte) is important in many different contexts. It ultimately sets the 
limit of detection (LOD) in a given instrument. For practical purposes it is defined 
spectroscopically rather than signal-wise, meaning that the useful LOD is dictated by the 
quality of the overall spectrum containing the information of interest and not by the 
strongest signal component of a suitable ‘model’ analyte. It is often the case in the 
literature however that the strongest signal is used for reporting the LOD of new 
experiments. The LOD is of course dependent on the data acquisition time and for the 
performance figures quoted in this section, a signal averaging time is given where 
possible.  
 
The amount of analyte available is often a constraint in bioanalysis. Even when abundant, 
weak signals of interest can be obscured by a background or require impractical amounts 
of signal averaging time to be observed. For a given spectroscopic technique and a wide 
range of possible bio-analytical applications, choices have to be made concerning the 
trade-offs between the information content and throughput.  When high information 
content is required, time consuming processes such as chemical differencing, isotopic 
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substitutions and ‘plain old’ long signal averages are often employed. When high 
throughput is required, the measurements on each sample must be performed quickly and 
reliably, necessitating high sensitivity. The experiment and sampling method should also 
allow for rapid automated sample changeover, with such constraints often resulting in 
suboptimal performance of the spectroscopic readout employed.
166
  
9-2 Bio-analytical benchmarks: II. The Raman spectroscopy family 
In this section, a number of Raman and Raman-like techniques are assessed in terms of 
information content, sensitivity and suitability for bio-analytical applications. The 
ordinary, Resonance Raman and surface enhanced Raman effects are first considered,  
then Coherent Anti Stokes Raman (CARS),  Stimulated Raman (SR) spectroscopy and 
IR-Vis Sum Frequency Generation (IR-Vis SFG). The wave mixing diagrams and 
workings of these techniques are described in Section 3-2. 
 
The Ordinary Raman Effect 
The ordinary Raman effect was first observed in 1928. Through the long history of its use 
in research/industry and recent developments in multi-array detectors and solid state laser 
sources, ordinary Raman might be considered to be almost perfected in terms of 
instrumentation. Modern day commercial Raman spectrometers are widely available in 
compact portable and bench-top forms that operate at close to maximum efficiency. 
Raman spectroscopy can be used to investigate a wide range of analytes with far fewer 
constraints than its closest counterpart; mid-infrared absorption spectroscopy. As such, a 
huge number of ordinary Raman measurements on biological systems are routinely 
performed, dealing with a diverse range of compositional, structural and chemical issues. 
The focus of innovation in Raman research has shifted to more specialised applications 
such as novel sampling techniques, surface enhanced Raman and an extended family of 
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nonlinear optical variants of Raman spectroscopy
18
 (including CARS, time resolved 
Raman and EVV 2DIR). A basic theoretical description of Raman-type techniques is 
found in Chapter 3. 
 
Figure 9-1 Raman spectra of bovine serum albumin (BSA) deposited as a film 10-30 µm thick on a glass 
slide recorded with a Horiba Jobin Yvon LabRam Infinity Raman microscope (633 nm excitation, ~ 20 µm 
spot and 8 mW excitation power. Shown in (a) is a spectrum recorded with 180 sec signal averaging and in 
(b) a spectrum recorded with 1.5 sec signal averaging. The amino acid peaks are labelled in black and 
signal from other moieties labelled in red. Gardner is gratefully acknowledged for supplying the BSA 
sample. 
 
Shown in Figure 9-1 are ordinary Raman spectra of bovine serum albumin (BSA) 
collected using (a) 180 and (b) 1.5 second signal averaging. The sample was of the same 
type used for the EVV 2DIR studies reported in the following sections – an acid 
denatured sample dried down to ~10-30 µm thickness from a 1 µl droplet of 50 mM 
solution and probably containing ~ pico-mole numbers of protein (~10
12
) in the beam. 
This spectrum contains many of the representative features of a protein Raman spectrum, 
with assignments readily available in a number of reviews on protein and amino acid 
Raman spectroscopy.
165,167,168
  
 
Besides the aliphatic and amide contributions in Figure 9-1, signal from the aromatic 
amino acids phenylalanine (F), tyrosine (Y) and tryptophan (W) are strong and numerous, 
with the narrow, phenylalanine ring resonance at 1003 cm
-1
 particularly prominent, even 
at low signal to noise. Also easily observed in the spectrum is a broad peak at ~750 cm
-1
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known to be due to cysteine (C), a carboxylate feature at 1390 cm
-1
 and C-C backbone 
stretch at 957 cm
-1
. Figure 9-2 shows a Raman spectra of tryptophan, phenylalanine, 
tyrosine and histidine containing peptides. Compared with the tyrosine, tryptophan and 
phenylalanine peptide spectra, histidine can be seen to be a relatively weak Raman 
scatterer. 
 
The Raman lines of a protein can be broken down into modes that are structurally 
insensitive and those that are structurally sensitive. The phenylalanine and 1450 cm
-1
 CH2 
modes are structurally insensitive and can be used reliably to report on how much of a 
known protein is present in a sample.
169
 The structurally sensitive modes can also be 
averaged over by acid denaturisation, resulting in Raman spectra that quantitatively 
reflect the relative numbers of aromatic amino acids residues.
165
  
 
Probably the most well known amino acid residue structure reporters are certain Fermi 
resonance doublets from tryptophan and tyrosine. The relative intensity of the tyrosine 
Fermi resonance doublet at ~830 and 860 cm
-1
 reports on the hydroxyl group hydrogen 
bonding state.  The relative intensity of the tryptophan Fermi doublet at ~1340 and 1360 
cm
-1
 reports on the level of hydrophobicity of the tryptophan residues and the frequency 
of the ~880 cm
-1
 band on the strength of hydrogen bonding to the N1H site of the indole 
ring.
165,167
 Figure 9-2 shows these bands observed from the tyrosine and tryptophan 
containing peptides that were used in EVV 2DIR studies presented in Section 9-8. As is 
also the case with infrared spectroscopy, the shape of the amide I and III bands can be 
used to determine the relative α helix and β sheet content of the sample.  
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Figure 9-2 Raman spectra of peptide heptamer droplets on glass substrates containing (a) Tryptophan (W), 
(b) Phenylalanine (F), (c) Tyrosine (Y) and (d) Histidine (H). The most well known environmental marker 
bands are highlighted with red arrows. All peptides contain Glycine (G), Arginine (R) and Leucine (L). 
Gardner is gratefully acknowledged for supplying the peptide samples.  
 
Detection limits of ordinary Raman for proteins in aqueous solution are well established 
and largely depend on two factors, the intrinsically weak signal and the fluorescence 
background. Water is a weak Raman scatterer and unlike infrared absorption, makes a 
minimal contribution to a Raman spectrum. Although the Raman signal is linear in 
concentration and laser intensity, for realistic pump laser intensities and integration times, 
the weak scattered signal is always shot noise limited, therefore for every factor of ten 
reduction in concentration, an increase by a factor three in signal averaging time is 
required to achieve the same signal to noise (see for example Equation 5-1). As a 
consequence it is generally impractical to measure Raman spectra of a protein in a normal 
cuvette for concentrations below ~0.5 - 1 mM, as the signal averaging times for 1 mM 
concentration levels are on the order of hours.
170
 Photonic bandgap materials and liquid 
filled hollow wave guide experiments have been recently demonstrated as a signal 
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enhancing sampling method for Raman spectroscopy. Experiments on Lysozyme in such 
devices have been used to lower ordinary Raman spectrum collection to ~50 µM 
concentrations with just 180 second signal averaging times.
171
 
 
It should be noted here that EVV 2DIR signals are quadratic in concentration (giving a 
shot noise limited signal to noise (S/N) that is linear in concentration). A solution phase 
detection limit for CS2 was established as ~100 µM.
4
 Photon echo 2DIR typically uses 
millimolar
172
 to molar
173
 protein concentrations for Amide I studies. It should however be 
highlighted that the data acquisition times are not defined and the use of CS2 and amide I 
does bias the results somewhat, as the CS2 antisymmetric stretch and amide I modes 
exhibit some of the largest transition strengths of all known chemical species.   
 
Figure 9-3 Raman spectrum of a dried pepsin solution droplet demonstrating background fluorescence,  
recorded with a Horiba Jobin Yvon LabRam Infinity Raman microscope (633 nm excitation, ~ 20 µm spot 
and 8 mW excitation power. Gardner is gratefully acknowledged for supplying the pepsin sample. 
 
Sample background fluorescence contamination is the second limiting factor of the 
sensitivity of Raman spectroscopy. Contaminants present even in small quantities in the 
sample and substrate/cuvette generate varying degrees of Stokes shifted fluorescence 
emission which can easily overwhelm the weak Raman scattered signal. This is 
demonstrated in Figure 9-3 for the case of a pepsin film. The background generally 
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increases in intensity with decreasing scattering laser frequency and for sub-green 
wavelengths, the tryptophan components of a protein begin to fluoresce.
168
   
 
If the Raman signal size is comparable to the background fluorescence intensity, as in 
Figure 9-3, the shot noise levels will be comparable for each signal and so in the 
combined signal, the two components are easily distinguishable. If however the Raman 
signal size is lower, say 10 photons per second and the fluorescence signal larger, say 
1000 photons per second, the shot noise associated with the total signal ( N ) would be 
~32 photons per second, much larger than the background free Raman shot noise of ~3 
photons per second. The Raman signal (or indeed any weak signal) in a fluorescence 
background thus requires far more signal averaging to obtain the same signal to noise as 
the background free signal case.  
 
Careful purification of samples, near infrared laser excitation and gated pulsed laser 
excitation are several ways of reducing the fluorescence background in Raman 
experiments,
167
 however sample pre-treatments are not attractive for high throughput 
analysis. Furthermore, the scattered Raman intensity is proportional to the fourth power 
of the excitation frequency,
14
 so increasing the excitation wavelength from, say 540 nm 
to 800 nm causes a 5 times reduction in signal size, along with a 2-5 times decrease in 
associated detector quantum efficiency (see for example Figure 5-5).  
 
The background fluorescence of Raman spectroscopy is not a problem in EVV 2DIR 
spectroscopy, as the signal frequency ωδ is higher than the excitation frequency. As 
described throughout this thesis, the problem is instead with the non resonant four wave 
mixing background signal. It has been shown in this thesis and by Wright and co-
Chapter 9. EVV 2DIR spectroscopy 4. Peptides and proteins                                                                                                       
   
 
 262 
workers
5
 how this background can be suppressed through the use of pulse delays. For 
experiments reported in this thesis this caused a drop of 10-100 in signal levels, however 
in Chapter 10 a shaped pulse sequence is proposed that will retain the zero delay signals 
and remove the nonresonant background. 
 
For both ordinary Raman and EVV 2DIR spectroscopy, laser excitation volumes as small 
as a few cubic microns are possible. The highest sensitivities of ordinary Raman 
spectroscopy for studying proteins have so far been achieved using a pre-concentration 
effect of the analyte that occurs when a droplet of solution dries on a hydrophobic 
substrate. Using such drop coating deposition Raman (DCDR) methods, protein Raman 
spectra of the same signal to noise as the BSA spectrum in Figure 9-1 (a) can be obtained 
with 1000 s signal averaging from 1 µM solutions dried down from 10 µL droplets to 
give spots containing ~1 femtomole (corresponding to ~6 x 10
10
 protein molecules in 
total and ~6 x 10
9
 molecules in the beam).
174
 DCDR methods have been used to 
demonstrate a number of possibly useful bio-analytical measurements, including 
detection of peptide phosphorylation sites,
175
 protein phosphorylation level 
measurements
176
 and identification of single residue mutations in insulin variants.
177
  
 
The detection limit of the current EVV 2DIR experiment for droplets dried on 4 µm 
Teflon film was determined by Loeffeld to be ~10
11
-10
12
 for BSA with 1 second of signal 
averaging time per point.
116
 The uncertainty is due to not knowing the exact thickness of 
the droplet. The performance is therefore lower than that of ordinary Raman 
spectroscopy, but as described in Chapter 10, there is still significant room for 
improvement.  
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The Resonance Raman Effect 
The ordinary Raman effect can be significantly enhanced by making the scattering beam 
resonant or pre-resonant with electronic transitions of the analyte (Resonance Raman or 
RR spectroscopy). This also has the effect of only selecting specific vibrational modes 
which couple to the electronic transition. Increases in signal over that of ordinary Raman 
spectroscopy are reported to be as large as 10
5
-10
6
.
15
 For biological systems, working RR 
concentration ranges appear to lie in the µM to mM range, with a recently developed 
spectrograph design collecting spectra with adequate signal to noise from 50 µM 
solutions of deoxy-adenosine with 120 s signal averaging.
178
 As mentioned previously, 
ordinary solution phase Raman with no special sample presentation arrangements has 
detection limits of ~1-10 mM with ~x10 longer signal averaging times, indicating a 10
4
 
increase in sensitivity for RR.  
 
In the visible part of the spectrum, protein pigments and prosthetic groups such as copper, 
hemes, chlorophyls and retinals exhibit resonances that can be selectively probed by RR 
spectroscopy,
165
 with the lowest lying resonances of aromatic amino acids, the amide 
backbone, cysteine/methionine and disulphide groups lying in the UV range of 180-300 
nm.
179
 The laser sources required to give such deep UV excitation are often pulsed and it 
is usually necessary to spin the sample to avoid population of excited states and 
photochemical degradation.
180
 The problem of background fluorescence is less of a 
constraint for UV-RR than in the visible owing to the fact that most chromophores 
fluoresce inefficiently or fluoresce at much longer wavelengths than the Raman scattered 
signal.
166
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Surface enhanced Raman 
Improvements in the performance of ordinary and resonance Raman spectroscopy can 
occur when the analyte of interest is bound to a roughened metal surface, giving rise to 
Surface Enhanced Raman Scattering (SERS) and Surface Enhanced Resonance Raman 
Scattering (SERRS).
181
 Under non electronic resonance conditions, enhancements in 
Raman scattering up to 10
6
 can be observed compared to that of the unbound analyte. 
These enhancements are due to the laser field and analyte-induced dipole driving 
plasmon oscillations on the roughened substrate surface. The electric field oscillations 
associated with the plasmons near these rough edges are much higher than the incident 
field, increasing the Raman scattering intensity of any analyte located in the vicinity. A 
‘chemical enhancement’ is also thought to be involved due to the interactions between 
the molecule and the surface. The SERS effect is further increased when the particles 
have plasmon resonances near the driving field and Raman emission field frequency.  
 
Surface enhanced resonance Raman experiments have reported increases of as much as 
10
14 
- 10
15
 over ordinary Raman for certain non biological analytes, enabling single 
molecule SERRS studies.
182
 Clearly this increase is not only a combined enhancement of 
electronic resonance with normal SERS. These huge enhancements are due to the 
presence aggregates of nanoparticles that give unusually high plasmon field strengths. 
These aggregates are known as ‘hotspots’ and their reliable creation and control has so 
far been elusive.
181
 Increases in the signals of other nonlinear optical techniques such as 
hyper-Raman,
183
 SFG
184
 and CARS
185,186
 have been reported and it is discussed in 
Chapter 10 how surface enhancements might improve the performance of EVV 2DIR 
methods. 
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SERS has been widely applied to biological analytes. The reported performances are 
impressive. Spectra with only slightly lower content and quality compared with the 
example BSA spectrum of Figure 9-1 can be collected by mixing 10
-11
 M protein with 10
-
11
 M silver nanoparticle solution. When performed using a microscope, single protein 
molecule spectra can be collected using 30 second acquisition times.
187
 Even without 
hotspot SERS particles, high quality spectra of attomolar levels (~10
5
 proteins) are 
achievable with 100-200 second acquisition times.
188
 
 
Clearly SERS and SERRS offer a wealth of potential applications in the bioanalytical 
sciences with an additional advantage over ordinary Raman that the fluorescence from 
the analyte is quenched by the metal substrates.
181
 Several practical difficulties have so 
far limited the use of surface enhancement in routine analytical analysis however. The 
first is that the high levels of enhancement that make the technique useful are achieved 
with colloid systems that are highly unstable. These systems tend to have short shelf lives 
and are difficult to produce reliably and consistently, especially at the point of use in non-
specialised laboratories.
189
 The second is that the surface chemistry of the substrate must 
be optimised for efficient binding of the analyte of interest. Devising ways of efficiently 
binding the analyte to the substrate thus becomes a chemical research problem in itself. 
The third is that the plasmon electric field decays rapidly with increasing distance from 
the substrate, resulting in enhancements limited to a distance of 10-20 nm from the 
particle/surface. This means that large molecules such as proteins will only be enhanced 
in the region close to the substrate, therefore yielding a spectrum of only part of the 
molecule.
167
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Commercial substrates using specially sculpted metal surfaces are available,
190
 reliably 
and reproducibly giving enhancements of the order of 10
5
-10
6
 over ordinary Raman. For 
the recommended 50-100 µm laser spot size, test specifications on a range of amino acids 
demonstrate detection of a monolayer, corresponding to ~10
8 
molecules in the beam. 
Although these numbers might at first appear similar to those obtained through ordinary 
DCDR, the signal averaging to achieve the high S/N data was stated as being between 2 
and 10 seconds – 100-500 times shorter than those reported for ordinary Raman DCDR. 
It should be noted that any preconcentration effects that occur in DCDR are not effective 
in improving this performance because the signal only comes from analyte molecules 
near the surface.   
 
Coherent Anti Stokes Raman spectroscopy (CARS) 
CARS can in principle offer 10
6
-10
7
 fold improvements in signal size over ordinary 
Raman scattering, with the pre resonance and resonance versions being even higher.
191,192
 
These kinds of improvements are indeed observed in single species gas phase 
experiments, however when the species of interest is present in low amounts as a mixture 
or solution, a non resonant background often overwhelms the resonant signal. Until 
recently, the performance of standard liquid phase CARS spectroscopy was only slightly 
better than that of ordinary Raman. For example, a 1980 study by Shen and co-workers 
measured spectra of the strong benzene 992 cm
-1
 ν1 mode from 1 x 10
-4
 M solutions of 
benzene in dichloromethane with a 1 second acquisition time.
193
  
 
The recent development of femtosecond multiplex CARS methods have revived interest 
in CARS as an analytical technique. Bonn and co-workers recently performed 
quantitative determination of nucleotide concentrations in water and composition analysis 
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on nucleotide mixtures, with excellent signal to noise for 5 mM concentrations and 800 
ms acquisition times.
194
 For the very small four wave mixing volume in these 
experiments, these concentrations corresponded to ~6 x 10
9
 molecules in the beams. 
Recent experiments by Richter and co-workers studying sub 100 nm polymer films by 
broadband multiplex CARS achieved good signal to noise spectra of aliphatic and 
aromatic modes with 300 second averaging, however pre-resonance enhancements with 
poly-3-hexathiophene enabled collection of high signal to noise spectra from films of 
only 19 nanometre thickness with just 1 second signal averaging.
195
  
 
Developments in CARS microscopy on biological assemblies
196,197
 by the group of Xie 
have utilised a remarkable number of different methods for suppression of the non 
resonant background and enhancement of the signal of interest. These include 
polarisation sensitive detection (P-CARS), picosecond pulse sequences (similar in 
function to those of EVV 2DIR), forward and backscatter approaches (E and F-CARS), 
separation of the out of phase non resonant background by spectral interferometry 
(heterodyne detection) and use of chirped femtosecond pulses for multiplex spectral 
microscopy (M-CARS). 
 
These developments have allowed for in-vitro CARS imaging of amide modes of proteins 
and the aliphatic groups in lipid bilayers by raster scanning the excitation beams. 1-2 
second total image acquisition times are possible by use of two synchronised and 
independently tuneable mode locked Ti:Sapphire lasers which are typically used with a 
pulse picker to give a repetition rate at the sample of 250 kHz.
198
 In the context of this 
chapter, each volume of the bilayer probed across the raster scan is equivalent to the 
detection of ~4 x 10
6
 CH2 groups with an acquisition time of 2 ms.
197
 This is an 
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impressive performance figure that indicates the kinds of levels of improvement possible 
for other coherent picosecond four wave mixing techniques such as EVV 2DIR. The ease 
of transmission of the visible beams through existing microfluidic devices also indicates 
that the CARS microscope methodologies developed by Xie could be used as a sensitive 
readout method in separation science.  
 
Stimulated Raman Gain Spectroscopy 
Stimulated Raman gain spectroscopy is an alternative to CARS that does not require 
phase matching and can easily generate high levels of Raman signal in a probe beam 
detectable by the naked eye. On first sight this would appear attractive for high sensitivity 
analytical applications however experiments in the early 1980’s demonstrated that the 
shot noise of the probe beam constrains the concentrations of analyte to levels similar to 
those used with ordinary Raman spectroscopy. An experiment by Gruen and co-workers 
used picosecond pulses to demonstrate a stimulated Raman detection limit of the benzene 
992 cm
-1
 ν1 mode of ~1 x 10
-4
 M, achieved using a 120 second signal average time and 5 
mm pathlength cell. This corresponded to 5 x 10
10
 molecules in the laser interaction 
region.
199
 Experiments on surfaces showed that a large reflectivity change in the substrate 
from the laser pulses causes a spurious signal that dominates the weak analyte signal, 
preventing the technique from being used efficiently on surface deposited samples.
200
  
 
Recent developments in Raman gain measurements by Mathies and co-workers using 
femtosecond pulses and a broadband probe reported a non-enhanced detection limit for 
sodium sulphate of 1 x 10
-3
 M concentration, achieved with a 10 mm pathlength cell, 3 ps 
pump pulses and an 18 second signal averaging time.
201
 The use of thicker samples to 
examine lower concentrations is limited by the group velocity walk-off of the pulses. 
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Despite this somewhat poor detection limit, it should be noted that the stimulated Raman 
signal is an exponential function of concentration, so even modest increases in 
concentration from this limit gives huge increases in signal to noise, bringing stimulated 
Raman into a regime where its signal levels are more favourable than ordinary Raman 
and CARS, allowing for the possibility of single shot spectrum collection.  
 
Performance increases of femtosecond stimulated Raman spectroscopy under visible 
resonance conditions do not appear to have been analysed. UV femtosecond stimulated 
Raman experiments have been used to study nitrobenzaldehyde solutions under pre-
resonance conditions at 50 mM concentration levels,
202
 however it should be noted that 
the interest in the femtosecond stimulated Raman methodology has largely been for time 
resolved chemistry, not trace species detection. Gilch and co-workers recently 
constructed a femtosecond stimulated Raman microscope
203
 and used it to image 30 µm 
diameter polystyrene beads in water. The scan parameters used were a 6 µm focal spot, 4 
µm ‘raster scan’ step length across the sample and 1 second of signal averaging time per 
step, indicating that in terms of sensitivity the technique currently lags behind the lipid 
bilayer CARS experiments of Xie and co-workers by at least 5 orders of magnitude.
197
  
 
IR-Visible Sum frequency generation 
At first sight, infrared-visible sum frequency generation does not appear related to Raman 
spectroscopy. As shown in Section 3-2, the generation of the visible output does however 
occur through a Raman-like step. The fact that IR-Vis SFG is a surface technique 
automatically implies it is extremely sensitive, placing an upper bound on analyte levels 
of ~10
8
 molecules in typical sized beam spots. The technique can routinely monitor 1-
100% monolayer coverages with ~100 second spectrum acquisition times.
204
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Inspection of vibrational spectra in the literature indicate a number of limitations of the 
technique in a bioanalytical context. The first is that selection rules place severe 
constraints on the number of modes observable. Not only must the single vibrational 
mode probed be IR and Raman active (a stricter requirement than EVV 2DIR), signal 
also depends on the orientation of the analyte with respect to the surface and the relative 
strengths of vibrational features also a sensitive function of coverage.
205
 In practice SFG 
signals tend to be reported for vibrational modes with strong transition moments such as 
aliphatic and carbonyl modes. The resulting spectra contain far fewer peaks and a 
narrower spectral range than ordinary Raman spectra. It is noted here that the IR surface 
plasmon resonance techniques discussed in Section 10-2 might be combined with IR-Vis 
SFG to improve its sensitivity.    
 
A recent review by Brinkman and co-workers has assessed many of the attempts to use 
Raman, Resonance Raman and SERS/SERRS as readout methods in thin layer 
chromatography (TLC), Liquid Chromotography (LC) and Capillary Electrophoresis 
(CE).
166
 They concluded that the performance of all of the Raman techniques are 
currently lacking in an analytical context, with UV resonance Raman’s potential as an 
analytic readout yet to be achieved largely through the limited amount of research into its 
use for such purposes. The performance of SERS methods was also shown to be highly 
variable in an analytical context, despite the abundance of high sensitivity literature 
measurements, demonstrating the great divide between perfecting measurements under 
ideal conditions and performing measurements in real analytical situations.  
 
In conclusion, the high information content of the various types of Raman techniques are 
a quality that makes them attractive for a number of useful bioanalytical measurements 
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such as protein identification, however the difficulty in achieving useful levels of 
sensitivity currently constrains these methods to a limited number of applications. The 
IR-Vis SFG and CARS experiments discussed in this section show promise in terms of 
sensitivity. If enough information can be extracted from these 1D techniques to facilitate 
protein identification, they might easily be simultaneously incorporated into an EVV 
2DIR experiment for protein fingerprinting. 
9-3 Bio-analytical benchmarks: III. Infrared absorption spectroscopy 
Infrared absorption spectroscopy can be divided into two different working regimes. 
These are the near infrared (NIR - ~4000 – 10000 cm
-1
) and mid infrared (MIR ~ 250 – 
4000 cm
-1
), the two distinguished by the fact that NIR spectroscopy observes only weak 
combination bands and overtones, whereas MIR spectroscopy observes also strong 
fundamental mode resonances. Like ordinary Raman spectrometers, through years of 
development, the technology for MIR and NIR spectroscopy - Fourier transform – 
infrared spectroscopy (FT-IR) is now mature.   
 
Commercial instruments are typically capable of measuring changes in absorbance of 
roughly four to five orders of magnitude. A major problem in MIR spectroscopy of 
proteins is the strong absorption of water. At 1600 cm
-1
 for example, a 10 µm pathlength 
of water has an optical density of roughly one. In a transmission geometry, the water 
absorption dominates over the protein spectrum and typically has to be carefully 
subtracted. To collect such spectra, ~0.1-1 M concentration of protein must be used in a 
cell of less than 10 µm pathlength.206  
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Sampling from solution by attenuated total internal reflectance alleviates the problem of 
water absorption. In a manner similar to DCDR, thin films can also be deposited on the 
internal reflection element, allowing analyte amounts of ~10 µg to be studied (for a 
medium weight protein, this might correspond to ~ 1 nanomole of material).
207
 For the 
solution phase flow method, concentrations used are typically the same as those 
described above for transmission. Reflection-absorption infrared spectroscopy (RAIRS) 
is a well established technique for probing sub monolayer coverage of reflective surfaces 
however this is only achieved when probing certain analytes such as CO and NO which 
have very strong vibrational modes.
208
 
 
Figure 9-4 shows a MIR protein spectrum of cytochrome C collected using the novel 
sampling technique of adsorption into a 12 µm thick nanoporous TiO2 film deposited on 
a 2mm thick CaF2 window (see Section 5-6, Figure 5-12). This sampling method 
removes much of the water from the sample pathlength yet retains the biological 
functionality of the adsorbed species.
117
 The spectral range is limited below 1200 cm
-1
 by 
the strong absorption of the CaF2 substrate. As can be seen from Figure 9-4, unlike for 
the case of Raman scattering, IR spectra of proteins tend to be dominated by absorption 
of the amide backbone, resulting broad, congested features and substantially less 
information extractable from the raw spectrum. The shape of the strong amide I and II 
features around 1500-1700 cm
-1
 are however well established reporters on the secondary 
structure content.
206
  
 
Due to the weakness of combination and overtone bands, NIR absorption spectroscopy is 
an extremely low sensitivity technique. This can actually be an advantage in bio-analysis, 
allowing spectroscopy to be performed on intact and optically thick samples such as 
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foodstuffs, plants and even living organisms.
209
 It is not possible to understand the 
spectra-structure correlations of the complex combination band and overtone regions in 
the same manner as for MIR or Raman spectroscopy. By use of multivariate spectral 
training methods however (see Section 9-5), samples can still be accurately characterised. 
As has been shown in Chapters 6 to 8, EVV 2DIR can measure near infrared bands with 
sensitivity levels far greater than NIR absorption spectroscopy. 
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Figure 9-4 FT-IR absorption spectrum of horse heart Cytochrome C adsorbed in a 12 µm thick nanoporous 
TiO2 film mounted on CaF2. A 20 second signal averaging time was used. Reproduced from the Master’s 
thesis of Donaldson.
7
  
 
In conclusion, although infrared absorption spectroscopy plays a fundamental role in 
providing vibrational spectra of molecules. In the context of high throughput protein 
analysis it is much less sensitive than ordinary Raman spectroscopy and much of the 
information contained in the spectra about the side chains is obscured by strong amide 
modes.  
9-4 Bio-analytical benchmarks: IV. UV/Visible absorption/emission 
spectroscopy 
UV and Visible electronic spectroscopy currently represent by far the most useful family 
of optical spectroscopic methods in bioanalysis. Although this PhD thesis is primarily 
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concerned with optical techniques that report on vibrational information from the analyte 
of interest, this section seeks to briefly mention some of the capabilities of electronic 
spectroscopy in a bio-analytical context. UV and Visible fluorescence measurements are 
at their most sensitive when fluorescence labels are used. Discussion of this extremely 
wide field is beyond the scope of this section and only label free detection is considered.  
 
Neglecting prosthetic groups, proteins start to strongly absorb in the UV at around 300 
nm. For typical UV sources, the dominant contribution to the absorption and subsequent 
emission from a protein is due to the presence of tryptophan and tyrosine.
179
  UV 
absorption is a standard analytical readout method in liquid chromatography. Due to the 
fact that most analytes of interest absorb in the 200 nm UV region, commercial detectors 
are widely available and used to provide binary detection (‘sample present’ or ‘sample 
not present’), with a rough quantification of the levels of fluorescent amino acids in 
proteins possible by comparing the strength of the absorption with known standards. 
Typically, a fixed frequency UV source is focussed into the separation flow channel and 
its transmission monitored using a photomultiplier detector. Depending on the protein 
type and the separation/optical technology used, limits of detection for the absorption of 
UV by protein tryptophan and tyrosine lie in µM to nM range.210,211  
 
The alternative to UV absorption measurements for detecting proteins is to measure 
fluorescence. For detecting tryptophan and tyrosine fluorescence, excitation at 260-280 
nm and detection at ~300 nm is typically employed. Alternatively, two photon excitation 
at 445 nm can be used, resulting in a significant reduction in detected background scatter 
and autofluorescence.
212
 The protein UV excitation/fluorescence detection limits for 
proteins in separation devices such as CE are lower than that of UV absorption and for 
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many proteins lies in the 0.1-1 nM range which in CE devices correspond to attomole 
quantities of analyte.
213
 For the few proteins that fluoresce efficiently in the visible part 
of the spectrum, limits of detection can be much lower. For example, green fluorescent 
protein (GFP) can be detected at 10
-3
 nM concentrations, which in the CE devices used 
corresponded to ~3000 molecules.
213
 
 
The attraction of vibrational spectroscopy over electronic spectroscopy is one of 
information content. Electronic absorption and emission techniques yield less 
spectroscopic information. They do however consistently and reliably show the highest 
sensitivity out of all the optical methods considered in the bio-analytical benchmarks 
sections of this chapter, with a caveat that should also be borne in mind for vibrational 
spectroscopic techniques: There is a great problem in the general applicability of native 
fluorescence methods as the majority of proteins contain the most important fluorescent 
species tryptophan, tyrosine and phenylalanine in relatively small amounts.
213
 This is one 
of the reasons why fluorescence labelling is so commonly used. As is often the case in 
the literature, the benchmark performances quoted are often achieved through protein 
systems with unusually high aromatic amino acid abundances. In practical separations, 
performance is usually lower.  
 
9-5 Bio-analytical benchmarks: V. Spectral decongestion. 
It is often the case with 1D techniques such as Raman and infrared spectroscopy that due 
to spectral congestion, much of the total information content is obscured by the most 
dominant spectral features. The problem of spectral congestion is a central motivation for 
using 2DIR techniques. This section briefly discusses some of the methods used to 
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circumvent spectral congestion in applications of ordinary Raman and infrared 
absorption. 
 
When faced with extracting information from a complicated infrared absorption or 
Raman scattering bandshape, a spectroscopist might first attempt to fit the band to a 
number of Lorentzian, Gaussian or Voigt profiles, using software to make guesses at the  
number, positions, heights and widths.
214
 This method is faced with the limitation that the 
more peaks there are in the bandshape, the more ambiguous is the fitting procedure. To 
simplify interpretation of such spectra, it is generally necessary to measure a set of 
spectra by varying external parameters such as temperature and pH, or making chemical 
or isotopic changes to the analyte. Difference spectra
206
 or 2D Correlation plots
34
 can be 
constructed which provide additional information to help understand the contents of a 
crowded spectrum.  
 
For rigorous composition analysis, a number of ‘chemometrics’ techniques can be used to 
algorithmically characterise the subtle changes that take place in the spectra of a system 
of interest when the composition is varied in a controlled manner, giving a set of 
parameters which can then be used to predict the composition of unknown samples.
215
 An 
example of this kind of ‘multivariate spectral training’ is described in the DCDR studies 
of casein of Goodacre and co-workers for the case of protein phosphorylation. The 
clearest measure of phosphorylation levels in a vibrational spectrum of a protein would 
ideally be through direct measurement of one of the strong phosphate bands below 1050 
cm
-1
. In practice however, these modes are hidden in the Raman and IR spectra of 
proteins and peptides by stronger features. There are however slight changes that take 
place across the Raman spectrum when phosphate levels in a protein are increased, and 
Chapter 9. EVV 2DIR spectroscopy 4. Peptides and proteins                                                                                                       
   
 
 277 
by using partial least squares regression and discriminant analysis on a training set, it is 
possible to measure the level of phosphorylation of unknown proteins and peptides. For  
the case of the peptides it is also possible to determine the site of phosphorylation.
175,176
  
 
Spectral differencing and multivariate spectral training is necessary when direct 
composition analysis through observation of isolated vibrational peaks is not possible. 
2DIR seeks to remove the need for spectral differencing and multivariate spectral training 
precisely by direct observation of isolated vibrational peaks. It has been demonstrated in 
Chapters 6 and 7 how EVV 2DIR can by itself isolate spectral features that cannot be 
observed using conventional 1D measurements. If the spectral features are not sensitive 
to structure, as will be shown in Section 9-8, performing composition analysis is a simple 
case of measuring the cross peak heights relative to an internal standard.  
9-6 The 2DIR protein identification strategy 
The EVV 2DIR research reported in this thesis is part of a larger bioanalytical project 
with two core aims. The first is to investigate whether EVV 2DIR or similar 2DIR 
techniques can decongest protein vibrational spectra and allow useful amino acid side 
chain and post translational modification features to be directly observed. The second is 
to achieve an experiment with high enough sensitivity to accurately detect and quantify 
such side chain signals at sub- femtomole levels of analyte. If achieved, these two aims 
might form part of a high throughput protein identification method for use on cell 
extracts.
164
 
 
EVV 2DIR was chosen for high throughput protein identification investigations over 
other 2DIR methods such as photon echo and pump probe for several reasons. The first 
was that it was the only established 2DIR method with a visible output signal, enabling 
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efficient detection in the visible part of the spectrum rather than using less efficient 
infrared detection methods involved in pump/probe and IR echo spectroscopy. The 
second reason was that it was developed as a narrow band frequency domain method. If 
the intensity of only a few known peaks are required, it is possible using EVV 2DIR to 
‘dial up’ the ωα and ωβ laser frequencies corresponding to the peaks of interest.  
 
It is well established that proteins can be identified from a protein sequence database with 
a reasonable degree of accuracy through only partial amino acid compositions.
216
 Bio-
informatics methods used to achieve this are known as ‘discrete’ (implying no sequence 
information
217
) and can be used not only to predict identity but to predict a number of 
different properties of a proteins such as secondary structure content.
218
 It is shown in 
Section 9-8 through the work of Fournier and Gardner that amino acid levels in peptides 
and proteins can be measured through EVV 2DIR using the protein CH2 and CH3 signals 
as an internal standard. The levels of key amino acids as measured by 2DIR combined 
with a suitable bioinformatics based identification method constitute the 2DIR protein 
identification strategy. 
 
Through the work of Gardner, Klug and the Imperial College London Bioinformatics 
Service,
219
 a protein database and search facility was created that is appropriate for 
spectroscopic protein identification measurements that use CH2 as an internal standard.
11
 
The database was of discrete type and computed from the human protein database. It 
comprised for each protein a list of ratios of the amounts of each amino acid in the 
protein relative to the number of CH2 groups in the protein. The mass of each protein was 
also calculated, as this could be measured experimentally by chromatographic separation 
of cell extracts prior to 2DIR readout. Entries for overlapping 2DIR cross peaks from 
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entities with similar side chains such as Glu+Asp were also included. Given experimental 
data comprising amino acid content relative to CH2 or CH3 content, the search facility 
came up with a number of protein ‘hits’ based on the input.  
 
Gardner observed an interesting and powerful feature of the amino acid residue/CH2 ratio 
search method. Using partial compositions of a number of ‘test’ proteins with 
composition values varying by as much as ± 20% to reflect experimental error, she 
observed that the number of amino acid residue levels required to identify the test 
proteins were typically less than five. In agreement with existing analyses, the most 
important residues in protein identification were found to be those that were least 
abundant, such as tryptophan, tyrosine, phenylalanine, histidine, methionine and 
cysteine.
11,216
 It is interesting to note that due to isolated vibrational signatures (see for 
example Figure 9-1) it is precisely these residues that vibrational techniques are most 
capable of detecting. The use of CH2 and CH3 for an internal standard actually adds 
additional information.  These findings transfer much of the burden of the spectroscopic 
research to achieving high sensitivity. 
 
9-7 Achieving the first EVV 2DIR spectra of proteins 
Until the work supporting this PhD thesis was carried out, EVV 2DIR spectra of proteins 
had not been reported in the literature and it was uncertain as to what spectra might look 
like in terms of cross peak structure. To avoid the complexities of solution phase studies 
it was decided to carry out the first protein investigations on solid protein samples. The 
investigations were carried out with collagen (100 µm Kodak Wratten Filter, yellow) and 
droplets of a number of different proteins and peptides such as Cytochrome C (CyC), 
Liver Alcohol Dehydrogenase (LADH), Myoglobin, Haemoglobin and 
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Bacteriorhodospin, dried from concentrated solutions on standard 1 mm thick microscope 
slides. For these first investigations ωα and ωβ were scanned in the 1450-1600 and 4200-
2800 cm
-1 region with the expectation that aliphatic and amide cross peaks might be 
detected. Large signals with a characteristic double peak structure along ωβ were indeed 
observed from the collagen film and with careful alignment, also from the protein 
droplets. The early EVV 2DIR spectra collected from these protein samples are shown in 
Figure 9-5.  
 
Figure 9-5 First observations of EVV signal from proteins. EVV 2D-IR spectra of collagen, horse heart 
cytochrome C and Liver Alcohol Dehydrogenase (LADH). These spectra were collected using the 
experimental apparatus prior to the improvements in nitrogen purge described in Chapter 5. Nominal delays 
used were T12=T23=1 ps and Eα=pulse 1. 
 
By comparison with polystyrene spectra and protein sequence information, the weak 
cross peak features at ωβ~4450 cm-1 in the spectra of CyC and LADH were found to be 
due to the presence of aromatic amino acid residues, stimulating further investigations by 
Barter to try and relate these features to amino acid number. The dominant features of the 
protein spectra of Figure 9-5 however showed a number of properties which initially 
hindered interpretation.  
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Figure 9-6 EVV 2D-IR spectra of LADH (Sigma, estimated at 50% purity) across an extended spectral 
region. This figure highlights the diagonal lines corresponding to mode ‘b’ (~2900 and 2860 cm
-1
) in the 
combination bands ‘c’ probed by ωβ.  
 
As shown in Figure 9-6 for LADH, the double peak structure along ωβ was found to be 
repeated along a diagonal line spanning ωα frequencies of 1150 to 2000 cm
-1
, the 
intensity of which appeared to drop when scanning through the 1550/1650 cm
-1 
Amide 
II/I features. Additionally, the cross peak positions along ωα were found to be sensitive to 
the beam pointing and a strong set of cross peaks can be seen at ωα ∼ 1800 cm-1 in Figure 
9-6, a frequency corresponding to no known protein fundamental vibrations. Although 
the diagonal behaviour could be understood in terms of a Raman active band b common 
to all of the combination bands probed by ωβ, the lack of a band assignment for the 
fundamentals along ωα meant that the signal might also be attributed to a strong CARS 
(SIVE-Raman) background component with intensity modulated by the absorption of the 
ωα beam. This initial ambiguity stimulated careful study of the experiment (Chapter 5) 
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and a variety of other samples (Chapter 6) to confirm that the EVV 2DIR experimental 
technique was functioning correctly.  
 
Improvement in the experimental methodology and interpretation of spectral features 
allowed the curious behaviour of the protein EVV signal to be understood. As described 
in Section 5-12 (see for example the EVV 2DIR spectra of nylon and collagen in Figure 
5-34), it was found that when scanning across the amide features, the absorption and 
dispersion of the ωα beam extinguished the EVV 2DIR signal, explaining the ‘anti 
correlation’ between the 2DIR signal and amide features. In the tail of the Amide I band 
at ωα > ~1750 cm-1, the signal recovered and increased to a very large size.  
 
The sub-optimal nitrogen purge conditions under which the data in Figure 9-5 and Figure 
9-6 were collected resulted in a variation in the cross peak position along ωα and also 
reduced the effects of the delays on suppressing non resonant background processes. 
Improving the nitrogen purge did not greatly affect the dominant general cross peak 
patterns observed but did demonstrate that the features showed only very weak signal for 
delays outside of the pulse widths, consistent with the fact that amide features are 
strongly inhomogeneously broadened.
76
 With a long T12 delay (4 ps) and T23=0, isolated 
cross peaks could be observed from LADH between 1400 and 1450 cm
-1
.  
 
Simulations described in Section 9-9 by Guo calculating the EVV 2DIR spectra of 
various dipeptides assigned the diagonal line seen in Figure 9-6 as due to combination 
bands of amide modes with peptide backbone and residue CH stretch bands. On this 
basis, the LADH cross peaks observed in Figure 9-7 are postulated as also deriving from 
protein backbone and residue CH deformation and stretch combination bands. Further 
data from gelatine is shown in Figure 9-8 supporting this assignment. It should be noted 
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that the LADH sample used (supplied from Sigma) was estimated to be only 50% pure, 
the other 50% comprising other protein fragments and the LADH substrate NAD
+
. It is 
yet to be determined whether the observation of backbone/residue CH, CH2 and CH3 
stretch couplings to the amide bands can provide structure/content information.  
 
Figure 9-7 EVV 2DIR spectra of LADH (Sigma, ~50% purity). Shown in (a) is a spectrum collected with 
no nitrogen purge and nominal delays of T12=T23=1 ps. Shown in (b) and (c) are spectra collected with an 
optimised nitrogen purge.  
 
Figure 9-8 EVV 2DIR spectrum of collagen (Kodak Wratten) collected under effective N2 purging. T12=1.7 
ps T23=0 ps, Eα=pulse 1. 
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Figure 9-9 Reflection mode EVV 2DIR spectrum of Cytochrome C adsorbed in a 12 µm thick nanoporous 
TiO2 film mounted on glass. The angle between the incident beams and the reflected signal was 80 degrees. 
Due to a sub-optimum nitrogen purge, this data can be treated as a T12=T23=0 spectrum. Shown on the right 
is the experimental geometry used for collection of the spectrum. 
 
By use of extra mirrors between the sample and detector, it was possible to measure EVV 
2DIR spectra of thin films in reflection. This mode of operation had the advantage that 
the three excitation beams do not propagate through the substrate, in principle reducing 
non resonant background contributions. A very basic proof of principle investigation was 
performed using an 80 degree reflection off the sample and a knife edge to block the 
reflection off the back side of the substrate.  
 
Shown in Figure 9-9 is an EVV 2DIR reflectance spectrum of CyC adsorbed in a 12 µm 
nanoporous TiO2 film and collected using 1000 samples/point signal averaging. The TiO2 
films were supplied by the group of Durrant (Department of Chemistry, Imperial College 
London) and prepared by soaking them in CyC solution for three weeks (~30 µM 
solutions of standard grade Aldrich horse heart Cytochrome C in 10 mM NaH2PO4 at pH 
7.9). The 2DIR spectrum shows many similarities to the pure CyC film EVV 2DIR 
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transmission measurement shown in Figure 9-5, indicating that the amide cross peaks are 
being detected. Measurement of the film’s Soret band at 410 nm indicated a loading of 
~10-15 nanomoles/cm
-2
. Based on 50 µm beam waists this corresponded to ~1 picomole 
of protein (10
12
 molecules) in the beam focus. This promising result from such a basic 
study should in future be followed up with further analysis of the non resonant 
background contributions to determine if reflection methods have the predicted 
advantages over transmission measurements. 
9-8 Peptide and protein EVV 2DIR spectra of tyrosine, phenylalanine 
and tryptophan 
It was demonstrated in Chapter 6 that 2DIR spectra collected with ωβ scanned in the ‘CH 
stretch region’ (2700-3300 cm
-1
) were far richer in information than the 4000-5000 cm
-1
 
region investigated for proteins in this section. Work by Fournier on peptides and 
proteins in the CH stretch region yielded amino acid side chain cross peaks that could be 
related to phenylalanine, tyrosine, tryptophan, alanine, leucine and isoleucine. The 
sensitivity of the experiment was improved through use of photon counting and by 
polarising the visible excitation beam Eγ  orthogonally with respect to the infrared beams 
Fournier found that further spectral decongestion could be achieved. Fournier and 
Gardner subsequently characterised a large number of peptide and protein droplets and 
most importantly demonstrated that the composition of peptides
10
 and proteins could be 
reliably deduced from the ratio of a cross peak intensity to a CH2 cross peak. Their results 
are briefly presented in this section. 
 
Shown in Figure 9-11 are eight EVV 2DIR spectra of dried droplet films collected from a 
number of different phenylalanine (F) and Tyrosine (Y) containing peptides.
10
 The 
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variation in composition between samples clearly indicated which cross peaks were from 
phenylalanine and which were from tyrosine. The total assignment is shown in Figure 
9-10 and was verified by the calculations presented in the next section. Note the strong 
CH2 scissor mode/scissor mode overtone cross peak. For each peptide, the ratio of the 
number of phenylalanine/tyrosine residues relative to the total amount of CH2 was 
calculated. For each spectrum, integrated intensities of each cross peak were calculated 
and divided by the CH2 intensity. Because the signal is proportional to the square of the 
number of vibrational chromophores, the square root was taken. The resulting measured 
ratios are shown plotted against the actual ratios in Figure 9-12. The straight lines 
observed demonstrate that composition information can be quantitatively extracted from 
EVV 2DIR spectra.  
 
Figure 9-10 Assignment of EVV 2DIR spectral features in the peptide spectra of Figure 9-11. Figure 
courtesy of Fournier. 
 
With the verification that composition analysis could be reliably performed using EVV 
2DIR, Fournier applied the technique to protein droplet dried films, using both CH2 and 
CH3 as internal standards. Several examples of 2DIR spectra obtained are shown in 
Figure 9-14. By measuring only the maximum cross peak signal at fixed 
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ωα/ωβ frequencies for F and Y (as opposed to the integrated intensity measured 
previously
10
), the relations between measured and actual F and Y residue content shown 
in Figure 9-13 were arrived at. Although these plots show a significant scatter, they 
demonstrate a proof of principle and have subsequently been improved upon.  
 
Figure 9-11 EVV 2DIR spectra of 8 different phenylalanine (F) and Tyrosine (Y) containing peptides. 
T12=1.5ps, T23=1ps and Eα= pulse 1 Data reproduced from Fournier et al, Analytical Biochemistry.
10
 
 
The idea of using CH2 and CH3 as internal standards appears to be novel and the 
demonstration of its efficacy through the EVV 2DIR studies presented here indicates its 
potential in a wider analytical context. As can be seen from Figure 9-1 (BSA) and Figure 
9-2 (peptide heptamers) the Raman spectra of dried droplet films of such peptides contain 
a number of composition related spectral features but are more congested and have a 
variable fluorescence background. It would be interesting to perform composition 
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analyses of the Y/F containing peptides and proteins using Raman spectroscopy and 
compare the results with EVV 2DIR. 
11
3
2
 
 
Figure 9-13 Preliminary results of EVV 2DIR protein composition analysis. Data courtesy of Fournier.  
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Figure 9-12 Plots of phenylalanine and tyrosine 
2DIR measured intensities relative to 2DIR 
measured CH2 (Y) versus the known levels of 
phenylalanine and tyrosine relative to CH2.(X). The 
vertical errors are the standard errors obtained from 
the fitting procedure (red) and from reproducibility 
tests (blue). Data reproduced from Fournier et al, 
Analytical Biochemistry.
10 
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Figure 9-14 EVV 2DIR spectra of Chymotrypsin, Concanavilin A and Lysosyme films showing the CH2 
and CH3 contributions. These spectra were collected from thin films of denatured protein dried on glass 
using T12=2 ps and T23=1 ps. Donaldson et al, submitted to Chemical Physics. Data courtesy of Fournier.  
 
9-9 Comparison of peptide and protein EVV 2DIR spectra with theory 
Chapter 7 of this thesis described a rigorous experiment and theory comparison of 
benzene EVV 2DIR spectra. Upon development and validation of the theoretical tools for 
computing such EVV 2DIR spectra, interpretation of peptide and protein cross peaks 
became possible. Furthermore, the theoretical spectra could be used to alleviate the 
practical difficulties in scanning the experiment over wide spectral ranges to search for 
EVV signal reported in Section 5-10 by predicting which spectral regions might contain 
useful cross peaks.  
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Figure 9-15 Comparison of theoretical phenylalanine and tyrosine analogue EVV 2DIR spectra with 
peptide heptamer experimental data. Data courtesy of Guo and Fournier. 
R
 
Figure 9-16 The form of the dipeptides used in EVV 2DIR simulations by Guo. ‘R’ is the residue. 
 
 
Figure 9-17 Ab initio EVV 2DIR spectra simulations of a number of dipeptides containing different amino 
acid residues, colour labelled on the right. Data provided courtesy of Guo.  
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EVV 2DIR simulations by Guo of phenylanine and tyrosine ‘analogues’ (toluene and p-
methyl phenol) are shown in Figure 9-15 compared with experimental peptide tyrosine 
and phenylalanine data. The similarities in the cross peak structures between experiment 
and theory confirmed that as in the case of toluene and the xylenes (Chapter 6), the ring 
substitution patterns can dictate the form of the cross peaks. To extend the calculations to 
situations more reflective of actual amino acid residue sidechains, EVV spectra of 
dipeptides with CH3 end termini and one side chain residue (see Figure 9-16) were 
simulated by Guo for a number of different residues, as shown in Figure 9-17. Such 
calculations show the types of vibrational features that can be studied by EVV 2DIR 
spectroscopy and their relative strengths, providing a useful guide for experiments.  
 
It would be interesting to extend these types of studies to other 2DIR techniques with 
different selection rules such as VV TWM (see Chapter 10), VVV FWM (also known as 
TRIVE-FWM
55
) and photon echo and compare the decongestion capabilities of each 
technique with 1D simulations such as infrared absorption and Raman scattering. 
 
The dipeptide simulations provided a strong indication that the modes observed for 
ωβ values in the near infrared (see Figures 9-5 to 9-8) were due to backbone and residue 
CH stretch and amide combination bands. The double cross peak patterns observed 
experimentally along ωβ were also observed in the simulations of a number of amino acid 
residues. Figure 9-18 shows simulated EVV 2DIR spectra of alanine and glycine 
dipeptides compared with the LADH data of Figure 9-6. Due to the lack of purity of the 
LADH sample and possible inaccuracies in the experimental data, this comparison is 
made only to qualitatively support the interpretation of these features as being due to CH 
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and amide motions. More rigorous future experiments may allow quantitative 
comparisons to be made. 
 
Figure 9-18 Comparison of simulated dipeptide spectra (left) with the NIR ωβ LADH spectrum of Figure 
9-6 (right). The simulations were provided by Guo, with spectra for a glycine dipeptide (black) and alanine 
dipeptide (red) shown in the same spectral region as the experimental data. 
 
9-10 Protein systems with electronically resonant chromophores 
The EVV 2DIR spectra presented in this thesis so far were collected using an 
ωγ frequency detuned far from any electronic resonances. As was indicated in Section 3-3 
when ωγ is resonant with an electronic resonance in the sample, an enhanced signal from 
vibrational modes that project onto the electronic excitation coordinate will be observed – 
an effect analogous in nature to Resonance Raman. Initial attempts at measuring this 
effect in EVV 2DIR spectra were made by examining the nonlinear signals emitted from 
red absorbing dyes. These observations are briefly discussed here along with more recent 
work by Gardner on bacteriorhodopsin. 
 
The experimental arrangement described in Chapter 5 meant that the visible probe beam 
ωγ was fixed at ~790 nm in EVV 2DIR experiments. A number of dyes with absorptions 
in the 600-780 nm region were tested for signs of visible resonant enhancement EVV 
1200 1400 1600 1800 2000
3800
4000
4200
4400
4600
4800
5000
1200 1350 1500 1650 1800 1950
ωα / cm-1
ω
β
/ 
c
m
-1
ω
β
/ 
c
m
-1
Chapter 9. EVV 2DIR spectroscopy 4. Peptides and proteins                                                                                                       
   
 
 293 
2DIR. Oxazine 750, Nile Blue 690, Cresyl Violet, IR140 and IR792 were found not to 
yield observable 2DIR signals from solutions of varying concentration or from thin films 
dried on glass. The rapid bleaching of such dyes in the laser beams necessitated low Eγ 
pulse energies and due to sample area constraints it was not possible to spin the samples.   
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Figure 9-19 Measurement of electronically enhanced four wave mixing signal levels from dye marks on 
glass. The sample is being moved around in the beam whilst the signal is recorded. The weak signal 
observed between 15 and 20 seconds is ordinary non enhanced four wave mixing signal from a deposited 
amino acid (phosphor-tyrosine). At 30 seconds in the graph the excitation beams impinge on the marker 
pen film, giving a signal 50 times larger than the amino acid signal. T12=T23=0, ωα=1580 cm
-1
, ωβ=4400 
cm
-1
. 
 
The first evidence of a visible enhanced ωβ−ωα+ωγ four wave mixing signal came from 
the unlikely source of green marker pen (containing a red absorbing dye) used to mark 
the glass slide protein droplet substrates. The same was found to be true for other dye 
films and shown in Figure 9-19 is a plot of four wave mixing signal from a glass 
substrate versus time. As the substrate was moved around in the beams, the signal levels 
can be seen to change. At 30 seconds a patch of dye was brought into the beams and a 50 
times increase in signal was observed. This signal was found to be purely four wave 
mixing and showed no evidence of decay with time. 2D infrared scans of these 
compounds gave spectra with structure only along ωα, indicating single vibrational 
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enhancements, as shown in Figure 9-20 for the case of the dye ‘IR746’ deposited on 
glass. 
                          
Figure 9-20 2D spectrum of a red absorbing dye film showing electronically enhanced four wave mixing 
signals with single vibrational resonance enhancements. The spectrum was collected with T12=T23=2 ps and 
Eα = pulse 1. The variation in signal along ωβ is thought to be due to changes on OPA output and beam 
overlaps at the sample. 
 
Despite the lack of success in observing electronic resonance EVV 2DIR spectra from 
simple dye molecules, Gardner and Fournier discovered that a bacteriorhodopsin (BR) 
sample used for protein fingerprinting gave a unique set of EVV 2DIR cross peaks shown 
in Figure 9-21. In assessing BR for a possible 2DIR aromatic fingerprint, it was noticed 
that the cross peaks at ~1520-1550 cm
-1
 did not follow the usual trends for aromatic 
amino acids and the signal sizes were also much larger than that of the usually dominant 
CH2 cross peak. Earlier Resonance Raman studies
220
 and calculations by Guo 
11
 indicated 
that combinations of C=C and =CH stretch modes of BR’s retinal chromophore were 
being selectively probed. This constituted selection of two modes from a 248 residue 
protein, a feat clearly only possible with the current EVV 2DIR experiment through 
electronic resonance enhancements.  
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Figure 9-21 EVV 2DIR spectrum of a bacteriorhodopsin dried droplet film collected by Gardner and 
Fournier using delays T12=T23=1 ps. The cross peaks at ~1520/3050 cm
-1
 can be seen to be much larger 
than the CH2 cross peak at 1450/2950 cm
-1
, providing the first direct evidence of an electronic resonance 
enhancement in EVV 2DIR spectroscopy.  
 
Electronic resonance EVV 2DIR experiments clearly offer an improvement in terms of 
sensitivity and selectivity over the non resonant EVV 2DIR measurements. As indicated 
by the difficulty in observing signal from the range of dyes studied, a suitable protocol 
for collection of 2D spectra is yet to be determined. Bleaching, sample damage and the 
large phase mismatches associated with electronic dispersions must be taken into 
account. To address these concerns, the new experimental setup outlined in Chapter 10 
will allow for a tuneable visible probe with adjustable phase matching angle and a sample 
spinner, hopefully permitting routine access to electronically enhanced EVV 2DIR 
spectra from a variety of proteins and other analytes of interest.  
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Chapter 10. Improving the performance of 
EVV 2DIR spectroscopy  
The research presented so far in this thesis has described the development and 
operation of a ‘first generation’ EVV 2DIR experiment. The first time applications of 
this technique to polymers, solvents, peptides and proteins has yielded a number of 
interesting results, providing many informative glimpses of the capabilities and 
potential of EVV 2DIR. Performance of the experiment is however in need of 
improvement. The limit of detection was of the order of ~10
11
-10
12
 molecules for pure 
analyte in the beam and ~10-100 mM for analyte in solution, in general worse than 
that of ordinary Raman scattering. Furthermore, spectral scans were severely limited 
by excitation beam walkoff at the sample, constraining ωα x ωβ 2D spectra at best to 
values of ~200 x 500 cm
-1
. A number of strategies for improving the limit of detection 
are discussed in this chapter and a new experiment for wide spectral region scanning 
currently under construction described.    
 
10-1 Using femtosecond pulses to improve EVV 2DIR performance 
Current implementations of EVV 2DIR differ from other 2DIR methods such as pump 
probe and photon echo through the exclusive use of picosecond pulses. 2DIR photon 
echo is operated using femtosecond pulses and 2DIR pump probe uses a picosecond 
pump and a femtosecond probe. Femtosecond pulses could offer many advantages 
compared with picosecond pulses for future EVV 2DIR experiments. These include 
more efficient suppression of nonresonant background, larger resonant signals (Figure 
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3-12), access to broader vibrational features (Figure 3-9), access to faster dynamics 
and the availability of multiplex detection schemes.  
 
It has been shown in this thesis how the use of pulse delays removes the nonresonant 
background in EVV 2DIR experiments (see for example Figure 5-22). This practice 
bears close analogy to similar methods used in SFG
221
 and CARS
82,222
 and allows 
undistorted 2DIR spectra of a variety of compounds to be observed. The use of pulse 
delays is only viable however when the decay time of the vibrational coherence of 
interest is longer than the pulse duration. In principle, 1-1.5 picosecond pulses permit 
vibrational features narrower than ~20-30 cm
-1
 FWHM to be observed. In practice, 
x10-100 loss of intensity from a freely decaying coherence means that 2DIR signals 
are frequently too small to observe when picosecond delays are used.  
 
Femtosecond pulses allow for observation of features with broader spectral width and 
provide much more effective nonresonant background suppression than picosecond 
pulses with less attenuation of the EVV 2DIR signal. For a resonance with a linewidth 
of 10 cm
-1
 (Γ~1 ps), a freely decaying field is reduced to 20-35% of its original value 
after 1.5 ps (typical pulse delay). The signal is thus reduced to 4-10% of the original 
value and addition of a second excitation pulse delay and coherence decay (as is the 
case with EVV 2DIR) will further reduce this. With a 100 fs delay the signal is only 
reduced to 80% of the original value.  
 
EVV 2DIR spectroscopy has not been demonstrated with femtosecond pulses so far 
and this section makes a number of new proposals for future implementations. As 
discussed in Chapter 3, Section 3-4, the major issue with using femtosecond pulses in 
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EVV 2DIR spectroscopy is how to recover the spectrum. The frequency domain 
signals of the EVV double resonances are broadened by the excitation laser 
pulsewidths. The 1 ps pulses used for the work supporting this thesis were short 
enough for time domain manipulation of vibrational coherence decays, but long 
enough to give a sufficiently narrow frequency domain signal (see Figure 3-11). This 
feature is useful if only particular vibrational features are of interest, as is the case in 
the high throughput protein fingerprinting application of Chapter 9. It was however 
demonstrated in Chapter 3, Section 3-4 that due to the increased nonlinear signal from 
femtosecond pulses, it might be highly advantageous to perform multiplex 
experiments.  
 
An earlier proposal explored the use of phase matching to generate a spatially varying 
2DIR spectrum
6
 however the distortions of the spectrum caused by dispersions and 
the blurring of the spectrum for focussed beams and thin samples make this method 
unlikely to succeed. To allow for femtosecond multiplex experiments, techniques 
such as CARS and 2DIR pump probe frequently make use of picosecond pump and 
femtosecond probe beams, generating a spectrum by dispersing the subsequent 
nonlinear signal onto an array detector. The femtosecond CARS method is chiefly 
aimed at multiplex detection and does not make the best use of femtosecond pulses to 
reduce nonresonant background. The pump probe experiments of Hamm and co-
workers were designed for reducing inhomogeneous broadening in the probe 
spectrum.
53
 A picosecond pump is used to selectively ‘burn a hole’ in the 
inhomogeneous amide profile, which is then probed by a broadband femtosecond 
pulse.  
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Figure 10-1 A new proposal for a EVV 2DIR pulse sequence using one pulse of femtosecond duration 
and two shaped single sided exponential picosecond pulses. 
 
2DIR pump probe experiments make use of tuneable Fabry-Perot etalons (Figure 
10-2) to convert 100 fs pulses into single sided exponential pump pulses, with rise 
times similar to that of the original pulse and a 700 fs decay constant. In the frequency 
domain this corresponds to an asymmetric spectral bandshape with a width of ~10  
cm
-1
. Such devices can operate with around 60% efficiency
53,157
 and it was realised 
that if this shaping mechanism was applied to a femtosecond visible probe of the EVV 
2DIR experiment, better suppression of the nonresonant background might result due 
to the steep rise of the pulse. With this realisation, a natural question arose. Can 
shaped infrared pulses be used to improve EVV 2DIR?  
 
Figure 10-1 shows a proposal for a shaped EVV 2DIR pulse sequence incorporating 
an infrared pulse with a short decay time, a femtosecond Gaussian pulse and the fore-
mentioned steep rise visible pulse. This sequence would allow for ωβ multiplex 
detection, more efficient suppression of nonresonant background (with less loss of 
EVV 2DIR signal) and give larger signals from each vibrational resonance excited. 
 
The Fabry-Perot transmission etalon does not give a pulse shape that is suitable for 
the first EVV 2DIR pulse in Figure 10-1, as an exponential leading edge and rapid 
decay is required. This pulse shape might be achieved using variations of a reflective 
t
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Fabry-Perot interferometer
223
 (also known as a Giles-Tournois interferometer 
224
) 
shown in Figure 10-2. Pulses with fast falling edges have also been created by Fourier 
plane manipulation of chirped femtosecond pulses.
224
 Recent developments in mid 
infrared acousto-optic pulse shapers by the group of Zanni
225
 have demonstrated both 
symmetries of single sided exponential pulses and used the fast falling edge pulses to 
improve the 2D pump probe pulse sequence.
172
 Further research is necessary to decide 
which method is most feasible (and practical) for shaped pulse EVV 2DIR studies. 
 
Figure 10-2 Depictions of the Fabry-Perot etalon arrangement for generating the falling edge single 
sided exponential pulses for 2DIR pump probe spectroscopy. Also shown are the Gires-Tournois 
interferometer a variant that could make rising edge single sided exponential pulses using multiple 
partial reflectors.
223
 As can be seen with the case of the Fabry-Perot etalon, as the distance between the 
reflectors becomes comparable to the pulse’s spatial extent, the multiple reflections superimpose and 
interfere, generating a shaped pulse.
86
 
 
It is noted here that when spectrally resolved, the nonlinear output signal Eδ comprises 
resonant peaks at the values of ωβ−ωα+ωδ that correspond to cross peaks, as shown in 
Figure 10-3. Recording a 2DIR spectrum using the pulse sequence of Figure 10-1 is a 
matter of scanning the narrow frequency of pulse 1 and dispersing the nonlinear signal 
Eδ onto an array detector to recover the spectrum generated by pulse 2 (Figure 10-3 
i)).  
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Figure 10-3 Schematic depiction of the effects of the excitation bandwidth on the spectrum of Eδ . 
 
If the shaped infrared pulse of Figure 10-1 is replaced by a Gaussian femtosecond 
pulse (giving two Gaussian femtosecond infrared pulses), reading the 2DIR spectrum 
out in the frequency domain becomes problematic. As shown in Figure 10-3 ii) 
several cross peaks falling under the excitation bandwidth might be projected along 
ωβ−ωα, giving contributions to the Eδ spectrum at the same ωβ−ωα value. It is still 
possible to recover a two dimensional spectrum however. Scanning the centre 
wavelengths of the femtosecond pulses would change the cross peak contributions to 
the Eδ spectrum, as is shown in Figure 10-3 iii). A determination of the 2D spectrum 
from this information would require knowledge of the pulse shapes and response 
functions. This could be circumvented by performing T12 scans to extract the cross 
peak splittings and relative amplitudes (a ‘partial’ response function measurement).  
 
It is proposed that by mapping out the changes in the spectrum as a function of the 
pulse centre frequencies and T12 delay, an algorithm might be constructed that 
transforms the Eδ and T12 data into a 2D spectrum. Although the T12 delay is an extra 
parameter to scan, the number of parameters to vary for acquiring a 2D spectrum 
might kept at two by simultaneously scanning ωα and ωβ along the diagonal.  
Frequency ωαFrequency ωα
∆ωα x ∆ωα ∆ωβ
shifted centre 
frequency of
∆ωα x ∆ωα
Frequency ωα
F
re
q
u
e
n
c
y
 ω
β ωβ−ωα
=const
spectrum of ωδ
∆ωα
∆ωβ
E
δ
E
δ
E
δi) ii) iii)
∆ωαF
re
q
u
e
n
c
y
 ω
β
Chapter 10. Improving the performance of EVV 2DIR spectroscopy                                                                                                       
   
 
 302 
Three issues with using femtosecond pulses are noted here. At around delay zero for 
the case of a sparse vibrational spectrum, compared with picosecond pulses the ratio 
of signal to nonresonant background is worse for femtosecond pulses due to only a 
small portion of the broad bandwidth exciting vibrational coherence.
197
 Another 
problem with the use of femtosecond pulses is that the damage threshold is lowered 
(see Section 4-1). Finally, due to GVD, using femtosecond pulses places much stricter 
requirements on the optical delivery system (Section 4-1). Despite these limitations, 
most 2DIR experiments are successfully performed with femtosecond pulses and the 
great benefits of femtosecond EVV 2DIR in terms of signal, background suppression 
and resolution of broad bandwidth makes realising such experiments an important 
future goal. 
 
10-2 Surface enhanced 2DIR 
In Chapter 9, Section 9-2 it was described how surface enhanced Raman scattering 
can give signal sizes strong enough to detect Raman scattering from single molecules. 
Given that the Raman effect can be understood as a four wave mixing process using 
the simple theories of polarisation developed in Chapter 3, it was realised that it might 
be possible to utilise plasmon field enhancements in 2DIR spectroscopy to gain 
improvements in detection limits.
226
  
 
Although not common, there have been investigations into the enhancement of 
coherent nonlinear process by other groups. Surface enhanced CARS studies reported 
an enhancement in signal of 10
4
 for adenine from single gold nanoparticles.
227
 The 
experiment measured a surface enhanced CARS signal from a 20 nm thick layer of 
adenine on top of the gold nanoparticles and employed 30 second signal averaging per 
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point using picosecond pulses of ~ 3 nJ/pulse. Tip enhanced CARS, surface enhanced 
SFG, SHG and surface enhanced hyper Raman have also been reported.
228-230
  
  
Surface enhanced EVV 2DIR has several practical difficulties. The 10
5
-10
6
 
enhancements typically observed for ordinary Raman scattering are due to the 
excitation fields driving plasmon resonances in the SERS particles or substrate. 
Because EVV 2DIR is a four colour technique, it would be difficult to arrange for all 
excitation fields to be resonant with the material plasmon resonances. Furthermore, 
for the amplified visible pulses used for work in this thesis, only a limited 
enhancement would be observed, as the field strengths are already close to values 
resulting in dielectric breakdown. It has been shown that short pulses easily damage 
the analyte and SERS substrates.
231
 The fluorescence background is also quenched in 
SERS studies, meaning that the noise rejection offered by pulsed measurements is of 
less value. Thus the low average intensity CW sources used for SERS appear to be the 
ideal configuration,
231
 though the types of weak, high repetition rate picosecond 
pulses that emerge from mode locked oscillators and OPOs might also be suitable 
candidate optical sources for visible probe surface enhancement experiments.  
 
As discussed in Chapter 4, Section 4-1, the field strengths for material breakdown are 
significantly higher in the infrared than in the visible. This was also found to be the 
case experimentally, providing a good argument for focussing on the surface 
enhancement of EVV 2DIR through infrared plasmon resonances. The engineering of 
infrared plasmon resonances is an entirely separate research topic and fortunately 
several research groups have recently begun to explore this topic.
232-234
 Of particular 
interest is the review by Genet and Ebbesen,
234
 which describes the control of infrared 
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generated surface plasmons using metal films with specially engineered patterns of 
holes. Surface enhancements from such sculpted metal substrates are an ideal partner 
to the high throughput protein fingerprinting application discussed in Chapter 9, 
where small amounts of analyte are deposited onto a substrate for analysis. 
 
In collaboration with Eramilli,
235
 IR enhancing films are being produced with a CH2 
containing polymer coating for preliminary EVV 2DIR experiments, engineered to 
give IR field enhancements of ~10
4
 at ωα=1500 ± 100 cm-1 which would give a total 
enhancement in EVV 2DIR intensity of 10
2
. If these experiments are successful, 
attempts at engineering simultaneous enhancements of Eβ will be investigated, 
making EVV 2DIR enhancements of up to 10
4
-10
5
 possible  
10-3 Improving OPA performance in the mid infrared 
The pulse energy, bandwidth and tunability of picosecond mid-infrared OPAs are a 
key area for improving the limit of detection of EVV 2DIR. The difference frequency 
mixing OPAs used as mid-infrared sources for collecting the EVV 2DIR spectra of 
this thesis were pumped with 0.4 mJ pulses of ~1.5 ps duration at 790 nm, giving 
output pulse energies of ~ 0.2 – 3 µJ for ~a 1200-3300 cm-1 tuning range (see Figure 
5-11). The 1-1.5 ps pulses observed were found to have bandwidths varying between 
20-25 cm
-1
 and were hence far from transform limited (see Section 4-1). This section 
reports on research carried out for this thesis in improving these values. 
 
Improving OPA DFM tunability  
The lower limit of useful pulse energy from the AgGaS2 difference frequency mixing 
crystals used for this thesis lay at around 1200 cm
-1
 (Chapter 4, Section 4-5). This 
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meant that many important vibrational signatures such as those from phosphate, 
carbon backbone, alcohol and aromatic groups were excluded from EVV 2DIR 
analysis. AgGaSe2 and GaSe were investigated as alternative difference frequency 
mixing materials. As shown in Table 12-1 of Appendix 2, their transparency extends 
down to 500 cm
-1
. For picosecond excitation pulses it was found that there was little 
to choose between the two materials in terms of simulated conversion efficiency, 
however the phase matching condition for the optimal thickness of GaSe was found to 
depend too sensitively on the crystal angle, (± 2 degrees for 5-18 µm) making 
automated frequency scanning difficult without further acquisition of a high 
resolution rotational stage.
236
 AgGaSe2 was less sensitive (± 18 degrees for 5-18 µm) 
and therefore chosen for further examination. 
 
Crystals of 1 mm thickness and 5 x 5 mm L x H were purchased with antireflection 
coatings from EKSPLA. The long pass filter for removing the pump and signal from 
the AgGaS2 DFM process contained a CaF2 substrate and therefore absorbed below 
~1100 cm
-1
. Ge long pass filters were obtained from The University of Reading 
Infrared Multilayer Laboratory as surplus components of an atmospheric sensing 
space satellite project. The filter used for the AgGaSe2 experiments had a ~2000-600 
cm
-1
 passband and 50-80% transmission efficiency. 38 µJ / pulse of near IR OPG 
generated signal and idler were passed through the AgGaSe2 crystal. Spot sizes were 
varied between 1 and 3 mm. Optimised performances shown in Table 10-1 were 
observed. These pulse energies might be further improved by experimenting with 
different crystal lengths and using the 150 µJ pump + signal OPAs described in the 
next section.  
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DFM 
Wavenumber  
/ cm
-1 
1500 1300 1000 800 600 
Pulse energy 
/ µJ 
0.1 1.2 0.7 0.22 0.07 
 Table 10-1 DFM performance of 1mm thick AgGaSe2 crystal pumped with an OPG near IR signal + 
idler of ~38 µJ / pulse. 
 
Utilising the weak sub-1200 cm
-1
 pulses in the existing EVV 2DIR experiment would 
have required the replacement of the CaF2 optics with lossy ZnSe or hygroscopic KBr 
optics. It was unlikely that any significant pulse energy would have been delivered to 
the sample area so it was decided instead to construct a new experiment using 
reflective optics only and more powerful OPAs, as described in the next section. The 
investigation of the sub 1200 cm
-1
 EVV 2DIR spectral region is still an important area 
for future work. 
 
Improving Spectra Physics 800C OPA DFM energy and bandwidth  
As described in the next section, Spectra Physics OPA800Cs were acquired with a 
regenerative amplifier capable of supplying two OPAs with pulses of 1 mJ and 1.5 ps 
duration, more than twice the energy generated by the OPAs used for EVV 2DIR 
experiments in this thesis. These OPAs were found to generate a signal + idler energy 
of ~160 µJ, a four-fold improvement in OPA energy. When the signal and idler were 
difference frequency mixed in AgGaS2, 9 µJ pulses were observed at 2500 cm
-1
, a 
three-fold improvement in DFM pulse energy. It was also found that in a similar 
manner to the original EVV 2DIR OPAs, the bandwidths were ~20 cm
-1
, 25% greater 
than the transform limit of a 1.0 ps Gaussian pulse.  
 
The difference frequency mixing process in the 1 mJ OPA800C was further 
investigated. It was found that by removing the 15 cm EFL lens focussing the OPG 
signal and idler into the DFM crystal and reoptimising the OPA, pulses with an 
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energy of 15 µJ at 2500 cm-1 could be observed. This improvement in pulse energy by 
not focussing the signal and idler was found to be the case across the entire DFM 
tuning range. Thus it appeared that the picosecond DFM process of the OPA800C was 
not well optimised for the OPG output, and future investigations may benefit from 
testing several thicknesses of AgGaS2.
225
 
 
Due to the group velocity mismatch in the OPG process, the signal and idler’s 
temporal overlap can be compromised for the downstream DFM process. To improve 
DFM performance in the OPA800C, this was previously compensated for by varying 
the OPG visible pump delay relative to that of the white light seeded idler, in other 
words by finding the balance between improving DFM and degrading the OPG 
process. A better method is to split the signal and idler after OPG and adjust their 
relative delays prior to DFM.
108
 This was investigated by creating the custom retrofit 
mount shown in Figure 10-4. The film polarisers used were those originally supplied 
by Spectra Physics to isolate the signal from the idler and had to be operated with a 
vertical send/return path relative to the optical bench. Once aligned, the whole 
assembly could be easily added and removed from the OPA without affecting OPG or 
DFM operation.  
 
Preliminary investigations of the assembly shown in Figure 10-4 indicated that it 
helped achieve ~15% increase in pulse energy at 2500 cm
-1
 compared to the situation 
without, the improvement increasing slightly at higher wavenumbers. A slight 
decrease in bandwidth was also observed, however more measurements are necessary 
to quantify the improvements as the research was regularly interrupted by 
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regenerative amplifier problems, obscuring the results somewhat. It is clear that in 
femtosecond operation, the retrofit will make a bigger difference. 
DFM
Filter
Detector
OPG
top
view
idler
signal
signal+idler
out
signal+idler
in
polarising film
beamsplitters
translation
stage
Splitter/
recombiner
 
Figure 10-4 Spectra Physics OPA800C with a custom built and retrofitted signal / idler splitter delay 
stage and recombiner. 
 
Although there are a number of practical reasons (including most importantly 
performance) why mid infrared generation is achieved best through cascaded OPG 
and DFM, greater efficiency and simplicity might in future be achieved if the DFM 
step was removed altogether and the infrared light generated directly from a pump by 
OPG. As previously mentioned, for the case of BBO, absorption of the idler below 
3400 cm
-1
 prevents this. DFM materials such as AgGaS2, AgGaSe2, GaSe and 
ZnGeP2 are not commonly used for optical parametric amplification because of their 
high cross sections for two photon absorption at the commonly available Ti:Sapphire 
regenerative amplifier 800 nm pump wavelength.  
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Numerous attempts at circumventing the problem of two photon absorption have been 
made, a few of which are briefly mentioned here. Replacement of BBO with 
KTiOAsO4 (KTA) has been demonstrated in an OPA device, giving 0.6 - 0.8 ps 
pulses tuneable between 2800 and 3650 cm
-1
, with idler pulse energies of 40-55 µJ for 
a 1 mJ/pulse 800 nm pump.
237
 This is ~3-4 times larger than that achieved in the 1 
mJ/pulse pumped OPA800CP. A Ti:Sapphire Regen/OPA derived idler with pulses 
1.0 ps in duration and 3 µm wavelength has been used to generate OPG in ZnGeP2, 
giving 20% conversion efficiency and tunability between 5 and 11 µm.238 In 
comparison, the conversion efficiency of the OPA800CP DFM step was found to be 
~2-5 % in this spectral region. Erbium glass lasers have 2.8 µm output wavelengths 
and have been demonstrated as pump sources for OPG in GaSe and ZnGeP2, giving 
wide tunability across the infrared and as much as 10% conversion efficiency of the 2 
mJ pump light.
239
 Unfortunately the flash lamp Erbium pumped glass lasers reported 
so far have pulse widths and repetition rates of ~30-100 ps and 3 Hz respectively, 
making the subsequent OPG pulses unsuitable for 2DIR.  
 
Discussions of chirped pulse amplifier performance in Section 4-4 indicated that 
increases in repetition rate might be achieved, however for >1 KHz outputs, the same 
power handling and thermal effects that make chirped pulse amplification difficult 
also apply to OPA operation and because the signal goes as the product of the infrared 
intensities, any increase in repetition rate must not be at the expense of infrared pulse 
energy. A very interesting recent development is an OPA pumped directly by a 
Nd:YVO4 oscillator of 1 µJ pulse energy, giving 5-18 µm pulses of duration ~4 ps, 
with a repetition rate of 2 MHz.
99
 The conversion efficiency for this system was low 
(~0.001), giving ~ 1 nJ pulses however the authors claimed that an eight-fold increase 
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in oscillator pump energy would take the amplifier into a high conversion efficiency 
regime, indicating the possibility of microjoule pulses of tuneable infrared light at 2 
MHz. 
   
It should be noted that in the EVV 2DIR signal varies quadratically with the number 
density of analyte molecules N. A one hundred fold increase in repetition rate allows a 
ten fold decrease in the number density of analyte molecules probed. Because the 
signal varies as the product of the infrared intensities, the same gain could be achieved 
by increasing the pulse energy of the two infrared fields at 1 KHz by a factor of ten 
each. This also corresponds to a much lower power handled by the sample compared 
with that for the one hundred fold repetition rate increase. 
 
The Spectra Physics Spitfire Pro XP used to pump the OPA’s is sometimes referred to 
as a ‘Swiss Army Knife’, having the ability to switch between 35, 100 and 1-3 ps 
operation. Such flexibility may mean that picosecond operation is not optimised in 
terms of pulse energy, repetition rate and mode quality. Because of the popularity of 
sub 100 fs applications, most laser system research and development seems to be 
directed towards achieving the shortest pulses.  
 
It is possible that by relaxing the requirement of variable pulse width and 
concentrating only on, say, 1 ps durations, useful performance increases might be 
achieved in both regenerative amplifer and OPA operation. For example, the thermal 
lensing effect is calculated to be much reduced for narrower, longer sapphire rods,
103
 a 
design step more appropriate for picosecond applications. The geometry of the 
Sapphire rod is inevitably limited by the 35 fs / 100 fs configuration and with the 
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requirement that the seed oscillator also give the shortest pulse (35 fs or 100 fs), it 
must be substantially bandwidth limited for 1 ps operation, reducing the pulse energy 
by between 10-50 times. A higher energy picosecond seed pulse would require fewer 
passes through an amplifier medium, requiring lower pump energies and therefore 
allowing for a higher repetition rate or alternatively higher pulse energies  
 
An attempt at seeding a Spitfire with a 1.5 ps mode locked Ti:Sapphire oscillator was 
reported,
240
 however the authors concluded that seeding with 100 fs pulses and then 
bandwidth limiting the stretched pulse with a pico mask gave better performance of 
the optical parametric amplifiers. This could be due to the fact that the pico mask 
produces a top hat frequency distribution in the output pulse. A recent report by 
Krausz and coworkers demonstrated that picosecond OPAs do indeed operate more 
efficiently when pumped with top hat pulses.
241
  
10-4 The new EVV 2DIR experiment 
Based on the experience gained in developing the original EVV 2DIR experiment, a 
new experiment was designed and the initial stages of laser testing and construction 
initiated. The new 3W regenerative amplifier system was described in Section 4-4 and 
used to pump four OPAs; two OPAs at 0.5 mJ / pulse and two OPAs for DFM at 1 mJ 
/ pulse. As discussed in Section 10-3, the new DFM OPAs showed a four-fold 
improvement in infrared pulse energy compared with those of the original EVV 2DIR 
experiment. The two extra 0.5 mJ / pulse pumped OPAs were included to provide a 
tuneable visible probe for EVV 2DIR and an extra infrared/near infrared beam to 
improve the tunability of the experiment or to act as a visible/infrared a pump beam(s) 
source for excited state 2DIR. With such a flexible tuneable four colour source, all 
manner of different nonlinear experiments are possible. 
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 Principle design features of the new EVV 2DIR optical delivery system include the 
following: 
• Pairs of motorised gimbal mount mirrors on each OPA to compensate beam 
pointing changes. A portion of each beam is sent to quadrant pyroelectric 
detectors to monitor beam pointing changes and the motorised mirrors 
calibrated to minimise displacements over the DFM scan range. It is hoped to 
improve the OPA DFM scan ranges to ~500 cm
-1
 by this method, the limiting 
factor is likely to be the need to readjust the internal OPA delays to optimise 
pulse energy, bandwidth and divergence. 
• Automated calibration of OPAs, delay stages and motorised mounts. 
Labview software was written to perform the calibration of the OPAs 
automatically with no user input. This software will be extended to 
calibration of delay stages and beam pointing. 
• Automated sample stage for analysing grids of protein droplets  
• Reflective optics to avoid chromatic aberrations across the infrared scan 
range and to allow 10-20 µm wavelengths of DFM light to be efficiently 
propagated. Focussing will be achieved using 90 degree off axis parabolic 
mirrors.  
• Tight focussing. Attempts will be made to generate smaller infrared focal 
spots. Instead of the 3 x IR beam expansion of the original experiment, 8 x 
and 18 x expansions using off axis parabolic mirrors are being investigated. 
• A noncollinear geometry with small ωα and ωβ angle and adjustable ωγ angle. 
The excitation beams will be focussed into the sample using the same large 
area optic. ωγ  will be overlapped with the infrared beams using a custom 
made infrared/visible dichroic mirror.     
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• Improved purge enclosure constructed to encompass entire optical bench. 
The nitrogen will be input over a fine mesh to create a laminar flow. 
• Automated OPA shutters 
• Flexible layout allowing multiple experiments 
• Steep edge pass. Tuning the visible probe close to the transmission edge will 
allow EVV 2DIR near the diagonal (ωα close to ωβ). 
The improvement in performance with focussing is briefly discussed here. Equation 
3-7 can be re-expressed as: 
22  # N
AAA
A
photonsNIIII
γβα
δ
γβαδ δ ∝⇒∝   
         Equation 10-1 
 
N is the number density, I the beam intensities and A the beam cross sectional areas in 
the overlap region. The second expression makes use of the definition of intensity (the 
energy passing through an area A in time t). For the EVV 2DIR experiment reported 
in this thesis, it was not possible to increase the Eγ intensity without causing sample 
damage. Thus we can consider Iγ (or equivalently Aγ) as fixed. The cross sectional 
area of the δ beam will be roughly equal to that of the smallest excitation beam. For 
diffraction limited focussing, Aα > Aβ, resulting in the number of δ photons (# δ 
photons) being proportional to (Aα)
-1
. Thus, improving the focussing of Eα and 
Eβ from the current 100 µm spot size to ~25 µm spot size will give ~15 times increase 
in signal over the current experiment. The reduced IR spot sizes mean that the number 
of molecules in the beam will be lower by a factor of 10-15 times, an impressive gain 
in performance.  
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10-5 Alternative 2DIR techniques 
This section presents a number of ideas for alternative 2DIR techniques that might be 
useful in high sensitivity applications. EVV 2DIR is one of many possible ways of 
utilising an ultrafast laser system and detector setup to record a 2DIR spectrum and it 
is not difficult to imagine constructing an instrument that is flexible enough to make 
more than one type of measurement. From an analytical point of view this makes 
perfect sense, as for an application such as high throughput protein fingerprinting 
(Chapter 9, Section 9-6) it may turn out that more than one type of measurement is 
necessary to establish a protein fingerprint with the lowest limit of detection. 
 
It is informative to estimate signal sizes from the possible variations of EVV 2DIR 
using expressions similar to Equation 3-7. These are quoted relative to the ~500 
photons / pulse value calculated for EVV 2DIR and use the values for linewidths, 
transition dipole moments and intensities shown in Table 3-1. It should be noted that 
these estimates are based on steady state calculations, however the aim here is to 
compare the size of the response relative to that of EVV 2DIR. The same excitation 
field and sample parameters are used and for all cases, a single quantum transition 
moment of 0.1 D and a two quantum transition moment of 0.001 D have been 
assumed. It should be borne in mind that nonlinear signal strengths depend on the 
square of these quantities and are thus rather sensitive to small changes. 
 
Electronically resonant EVV 2DIR 
The addition of tuneable visible probe allows for the possibility of electronically 
resonant EVV 2DIR. For an electronic chromophore with linewidth of ~10
14
 rad s
-1
 
and transition dipole of 4 Debye, Equation 3-7 predicts that an electronically resonant 
EVV 2DIR would give ~10
3
 more visible photons per pulse than the nonresonant 
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case. A practical difficulty associated with electronically resonant EVV 2DIR might 
be satisfying the phase matching condition, as the refractive index can vary by more 
than 100% in the vicinity of an electronic resonance. This may partly explain why it 
was difficult to observe EVV 2DIR signal from many of the dyes studied (Chapter 9, 
Section 9-10). It was thus rather fortunate that the bacteriorhodopsin films described 
in Section 9-10 could actually give an electronically enhanced signal.  
 
Figure 10-5 Phase matching electronically resonant EVV 2DIR processes. The strong dispersion of an 
electronic resonance causes a large phase mismatch in the EVV 2DIR signal (i). By tuning the 
frequency of the visible probe ωγ, the phase mismatch can be reduced to zero (ii). 
 
A simple method for phase matching electronically resonant EVV 2DIR is presented 
here. The requirements are a tuneable visible probe and a chromophore whose 
electronic resonance is well resolved and therefore ‘peaked’. Figure 10-5 shows such 
a scenario. In graph i), the different wavelengths of λγ and λδ experience very 
different refractive indices in the vicinity of the electronic resonance, resulting in a 
large phase mismatch. By tuning the visible probe ωγ, points on the dispersion curve 
can be found where the refractive indices at λγ and λδ are similar, resulting in a phase 
matched output. It is noted here that phase matching electronically resonant EVV 
2DIR is not a problem if the sample thickness is less than the wavelength of the 
nonlinear signal λδ. 
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Triply Resonant Single Quantum 2DIR 
Replacement of the EVV 2DIR Raman step in Equation 3-7 with a third infrared 
resonance and infrared output polarisation gives an expression that can be used to 
roughly estimate the size of 2DIR photon echo and other triple vibrational resonance 
processes. According to Equation 3-7, a triply resonant infrared technique with no two 
quantum transitions achieves 10
4
 more photons per pulse than EVV 2DIR if all the 
transition moments are equal to µag in Table 3-1. For photon echo this value is likely 
to be even larger because of the use of femtosecond pulses.  
 
It can thus be seen why heterodyned photon echo is so effective. Despite having to 
detect the photons in the infrared with the associated large noise background, the 
larger single quantum nonlinear signals mean that heterodyne detection can 
substantially boost the nonlinear signal level. Unfortunately, heterodyne detection can 
not give similar improvements for the case of EVV 2DIR, despite previous claims to 
the contrary.
1,6
 A noise analysis of heterodyne detection is given in Section 12-5 of 
the Appendix and it is shown that when the detector noise is negligible and the shot 
noise dominating (as is the case for EVV 2DIR), heterodyne detection offers no gain 
in signal to noise.  
 
An alternative to heterodyne detection of the infrared signal is to upconvert the signal 
to the visible part of the spectrum by mixing it with a visible field in a nonlinear 
crystal.
242,243
 The chief concern with this method is that it is not possible to obtain 
nonlinear crystals that will mix infrared and visible efficiently for infrared light of less 
than ~1800 cm
-1
. As discussed in Chapter 4, Section 4-5, crystals that support lower 
wavelengths, such as AgGaS2 have a high two photon absorption cross section in the 
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visible. This can be seen from inspection of Table 12-1 in Appendix 2. For broad 
bandwidth infrared signals such as those generated in femtosecond experiments, the 
phase matching bandwidth of the upconversion crystal is an additional concern.  
 
Having no two quantum transition in a third order triply resonant infrared process 
makes a huge difference in output signal size. Addition of a two quantum transition 
reduces the signal size to levels similar to EVV 2DIR. Because all three excitation 
beams are in the infrared, improving the pulse energies and focussing to smaller spot 
sizes also gives a much more significant improvement in nonlinear signal than for the 
case of EVV 2DIR, where the visible pulse intensity is already limited by the material 
damage threshold. The use of three singly quantum infrared resonances in a nonlinear 
spectroscopy could hold great potential for high sensitivity 2DIR. 
 
There is, as always a catch. On examination of all the possible triply resonant single 
quantum infrared transition WMEL diagrams, it is possible to conclude that the 
nonlinear signal is only generated when there is incomplete cancellation of two 
pathways due to the anharmonic shift δ. As was shown in Chapter 7, Section 7-7, this 
always leads to a more congested spectrum than the pathway i) EVV 2DIR technique. 
Moreover, if the shift δ is less than the width of the vibrational resonances, at best, a 
highly distorted and attenuated cross peak might be observable. As shown in this 
thesis, pathway i) EVV 2DIR can observe clear, strong cross peaks from systems 
when the anharmonic shift is extremely small.  
 
The other major disadvantage of these methods compared with EVV 2DIR is that by 
using only single vibrational quanta transitions, there is no way of generating a 
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nonlinear field that is frequency shifted with respect to the input beams. The nonlinear 
output frequency will therefore always fall within the bandwidth of one of the input 
fields. In conventional IR experiments the nonlinear signal is usually isolated from the 
input fields through noncollinear phase matching and heterodyne detection. 
Noncollinear phase match isolation would fail for the types of thin protein droplet 
samples described in Chapter 9 for protein fingerprinting, leaving only heterodyne 
detection to perform the job of detecting the nonlinear signal.    
 
1D and 2DIR Three Wave Mixing 
The lowest order at which it is possible to perform 2DIR spectroscopy is second 
order,
1,80,154,244
 corresponding to three wave mixing. Figure 10-6 shows the wave 
mixing energy level diagrams for three wave mixing processes that give 2DIR spectra. 
For this thesis these will be called VV 2DIR (Vibration-Vibration 2DIR). It can be 
seen in Figure 10-6 that each VV 2DIR coherence pathway contains a forbidden two 
quantum transition. Because of differing selection rules, compared with EVV 2DIR 
these pathways would give 2DIR spectra different cross peak types. An example 
simulation of a sum frequency VV 2DIR spectrum is shown in Section 12-6 of the 
Appendix.  
 
Modifying Equation 3-7, it is found that VV 2DIR processes might give a 500-fold 
increase in signal photon number relative to EVV 2DIR. It should be noted that these 
signal photons are in the infrared and would need to be heterodyned or upconverted 
into the visible to make them detectable. It is further noted here that the singly 
vibrationally resonant IR-Vis SFG method (See Sections 3-2 and 9-2) does not have a 
forbidden vibrational transition, giving an output photon number 10
6
 times higher 
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than that of EVV 2DIR, with the photons automatically output in the visible part of 
the spectrum. In a similar manner to electronically resonant EVV 2DIR, a further 
enhancement of 10
3
 would be expected for electronically resonant IR-Vis SFG. 
 
As discussed in Section 2-2, second order processes generally vanish in isotropic 
media, thus one would expect EVV 2DIR to be a surface technique. The fact that the 
signal is both 10
4
 times weaker than IR Vis SFG and the output is in the infrared 
explains why no experimental realisations of surface VV 2DIR spectroscopy have 
been reported so far.  
 
Figure 10-6 Wave mixing energy level diagrams for 2DIR Three Wave Mixing processes. A) and B) 
are sum frequency generation (SFG) processes. C) and D) are difference frequency generation (DFG) 
processes. The horizontal arrows of C) and D) indicate that the field order is reversible, giving separate 
diagrams. 
 
Measurements of VV 2DIR signals might be easily made from anisotropic or chiral 
bulk materials, such as the crystalline arginine system reported in Chapter 6, Section 
6-8. Investigation of the sum of CH2 scissors and stretch modes would give a 
nonlinear output at ~ 4400 cm
-1
 for pathway A) in Figure 10-6. Sum frequency 
processes cannot be phase matched with noncollinear beams, however arginine is 
birefringent and this property could be used for preliminary tests. The signal could be 
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easily upconverted with 1-10% efficiency by mixing it with a visible pulse in BBO. 
Pathway C) would give a nonlinear output at ~3000 cm
-1
, requiring LiNbO3 or LiIO3 
for the upconversion process. 
 
There is a problem with the scheme described above for generation of EVV 2DIR 
signal from crystalline arginine. The IR-Vis SFG process (singly resonant EV 
process) would be 10
4
 times stronger than the VV 2DIR processes. For the difference 
frequency process C), exciting the combination band first and using a T12 delay might 
suppress this. In the case of pathway A), a T12 delay would not remove the singly 
resonant signal. The manner in which the VV 2DIR signal might be observed is by 
measuring its lifetime, which would be longer than that of the singly resonant IR-Vis 
SFG process. This could be achieved by delaying the visible upconversion pulse. 
Because the delays involve combination band polarisations, in order to resolve the 
associated rapid decays, the experiments would have to be performed with 
femtosecond pulses (or shaped pulses like those of Figure 10-1). The singly and 
doubly resonant processes might also have different polarisations, so use of a 
polarised up conversion beam might further isolate the doubly resonant signal. 
 
It was recently shown by Cho and coworkers that a second order response involving 
two coupled vibrational modes can be non-vanishing in isotropic media if the induced 
dipole vector is not orthogonal to the vector product of the driven transition dipoles.
154
  
VV 2DIR applied to isotropic systems would rule out the generation of the 
troublesome IR-Vis SFG signal described above. The calculations of Cho considered 
two coupled amide I oscillators with a two quantum transition only twenty times 
smaller than the amide I one quantum transitions. They were thus able to conclude 
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that VV SFG 2DIR applied to amide modes would give a signal only ten times 
smaller than photon echo.  
 
As mentioned previously, it is not possible to phase match a sum frequency 
generation process using noncollinear excitation beams, so measurement of VV 2DIR 
signal from pathways A) and B) would require samples thinner than the excitation 
beam wavelengths (for the case of amide I, thinner than 6 µm). It would be interesting 
to make such measurements, as the second order nonresonant background from the 
windows and solvent would be negligible. It is noted that the difference frequency 
processes C) and D) can be phase matched with noncollinear beams.  
 
2DIR REMPI  
 
Material damage thresholds place an upper limit on 2DIR experiment sensitivity, with 
multiphoton ionisation one of the main damage mechanisms.
90
 Instead of being seen 
as a problem however, this phenomenon could be perceived as a potential solution, as 
its regular occurrence for even weak picosecond pulses indicates that such processes 
have relatively large cross sections.  
 
The proposal for future work is to explore the effect that resonant infrared pulses have 
on visible pulse ionisation cross sections. This might be achieved using thin films of 
sample deposited onto electrodes, with a visible pulse intensity almost at the point for 
sample dielectric breakdown. This is a kind of resonance enhanced multiphoton 
ionisation (REMPI) spectroscopy where the emitted electrons are read out as a current 
by the electrodes. An alternative would be to dispense with the visible pulse and hold 
the sample under a DC field, again approaching the dielectric breakdown value. In 
both cases the question is, can multiple vibrational resonances enhance the ionisation 
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cross section when picosecond/femtosecond infrared pulses are used and if so, what 
do the spectra look like?  
 
It is not certain whether this idea has been tested yet from an analytical point of view 
on systems of interest such as proteins. It is thought that the biggest practical 
difficulty in these type of experiments would be minimising the number of 
background photoelectrons generated from the substrate electrode and efficiently 
extracting the photoelectrons from the sample. The technique is also destructive and 
the beams might need to be continually exposed to fresh sample in order to record a 
full spectrum. For recording specific emission features, as is the case in the protein 
fingerprinting strategy of Chapter 9, this may not be a problem. The technique could 
also be examined in the gas phase.   
10-6 Summary 
This Chapter has made a number of recommendations for improving the signal sizes 
of EVV 2DIR and reported on the first steps taken in achieving some of these. The 
improvements are summarised in Table 10-2, along with some best case scenario 
estimates of signal improvements and the equivalent limit of detection increases. The 
EVV 2DIR detection limit of the phenylalanine modes in the BSA protein was 
established by Loeffeld to be ~10
11
-10
12
 molecules in the beam, with 1 s of signal 
averaging per point.
116
 The limit of detection of BSA using drop coating Raman was 
established by Amotz and cooworkers as ~5x10
9
 for 1000 second signal averaging.  
 
For protein fingerprinting, the advantage of the discrete frequency measurements of 
EVV 2DIR (compared with the ‘whole spectrum’ collection of ordinary Raman) are 
evident. With 1000 second signal averaging, EVV 2DIR might measure five cross 
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peaks with 200 seconds of signal averaging each. This lowers the EVV 2DIR 
detection limit by at least an order of magnitude and it can be seen that even if the 
suggested improvements fall short of these best case estimates, it is clear from Table 
10-2 that EVV 2DIR can be made far more sensitive than ordinary Raman 
spectroscopy.  
 
Improvement: 
 
EVV 2DIR 
Signal increase 
 
EVV 2DIR 
Limit of detection 
increase 
OPA pulse energy 10
2
 10 
Shaped femtosecond 
pulse experiments 
(a)
 
10
2
 10 
Tighter IR focussing 
(b)
 10 x 10 30 
IR surface 
resonance 
enhancements 
10
4
 100 
Visible resonance 
enhancement 
10
2
-10
3
 10-30 
Improved detector
(c)
 x3 1.7 
Increased Rep rate 10 3 
Total 10
12
-10
16 
10
6
-10
7 
 
Table 10-2 Signal and limit of detection improvements for EVV 2DIR. (a) Current EVV 2DIR 
experiments use delays to suppress unwanted nonlinear processes. These delays suppress the signal by 
~10-100 times. The EVV 2DIR detection limit of 10
11
 molecules was established using such delays. 
Shaped femtosecond pulses will reduce the attenuation, give larger nonlinear signals and allow for 
multiplexing.  (b) Shown in red is the reduced number of molecules probed. (c) This describes the 
replacement of the Hammamatsu PM (25% peak QE) with a CCD array of 90% QE. 
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Chapter 11. Conclusions 
Short pulse multidimensional infrared spectroscopy is a new measurement concept 
that promises many interesting applications in both pure and applied science. To date, 
only two experimental techniques for short pulse multidimensional infrared 
spectroscopy have gathered any significant research following. These are the 2DIR 
pump probe and the 2DIR heterodyned stimulated photon echo methodologies 
pioneered by Hochstrasser and co-workers.
53,54
 An alternative to these techniques was 
proposed by Wright; the doubly vibrationally enhanced four wave mixing (DOVE-
FWM) methodology, referred to in this thesis as ‘EVV 2DIR spectroscopy’. Besides 
the basic demonstrations by Wright on acetonitrile, crotonitrile and CS2, over the 
duration of this PhD no further applications of EVV 2DIR were reported in the 
literature. This thesis has demonstrated for the first time the application of EVV 2DIR 
spectroscopy to aromatic, aliphatic, amide and carboxyl systems and presented a 
number of new developments in the concepts and methodology behind this technique. 
 
The research reported in Chapter 5 of this thesis shows how an existing EVV 2DIR 
experiment which had replicated the signals from acetonitrile and CS2 reported by 
Wright was modified and developed to allow the first clear observations of EVV 
2DIR spectra from other compounds. The experiment was automated and the 
detection system greatly improved. The simplest possible sample types for analysing 
EVV 2DIR signals were identified and a novel scheme for measuring nonlinear signal 
in transmission and reflection from dried protein films developed. 
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It was shown in Chapter 5 that atmospheric water absorption of the infrared pulses 
caused pulse broadening, introducing artefacts to the 2DIR spectra and making each 
spectrum collected difficult to reproduce. Upon solving this problem, the first clear 
and assignable EVV 2DIR spectrum beyond those reported by Wright was recorded 
from polyethylene, paving the way for the further studies on aliphatic, aromatic and 
protein systems reported in this thesis. Chapters 6 - 9 demonstrated 2DIR spectra from 
a variety of compounds using the EVV 2DIR technique and showed that many spectra 
contain information that can not be extracted from congested IR absorption or Raman 
spectra.  
 
A protocol for using infrared pulse ordering to isolate the coherence pathways 
contributing to EVV 2DIR signal was defined in Chapter 3. Making use of this 
protocol, Chapter 6 presented pathway i) EVV 2DIR spectra of polyethylene showing 
that the CH2 scissor+stretch combination bands probed in the experiment mainly 
involved electrical anharmonicity. This observation was backed up through 
theoretical calculations by Guo.  
 
The polyethylene measurement provided a clear distinction between EVV 2DIR 
spectroscopy and the 2DIR photon echo and pump probe methods, as the latter require 
mechanical anharmonicity for observation of signals. Pathway i) EVV 2DIR 
spectroscopy was shown to give 2DIR signal in both anharmonicity regimes and it 
was demonstrated in Chapter 6 and Chapter 7 for the case of hexane and benzene 
Fermi resonances that mechanical anharmonic effects could be identified by switching 
the infrared pulse ordering to give pathways ii) and iii). This resulted in split cross 
Chapter 11. Conclusions                                                                                                       
   
 
 326 
peaks and it was shown in Chapter 7 that the splitting reports on the mechanical 
anharmonicity in an analogous manner to 2DIR pump probe and photon echo. 
 
Due to the fact that the EVV 2DIR experiment reported in this thesis used 1-1.5 ps 
excitation pulses, the frequency domain resolution of the technique was limited by the 
20-25 cm
-1
 bandwidth of the pulses. In the many EVV 2DIR spectra measured, it was 
observed that inter-pulse delays caused a slight narrowing of the cross peaks and a 
change in shape from Lorentzian to Gaussian. This issue was addressed in Chapter 7 
and through use of response function simulations incorporating only homogeneous 
broadening, the narrowing and shape change was shown to be a property of the 
evolution of the polarisation from a driven response around delay zero to a free decay 
response when pulse delays were used.    
 
By setting the EVV 2DIR infrared frequencies ωα and ωβ to values matching cross 
peak resonances and then scanning the pulse delays, the first EVV 2DIR coherence 
lifetime measurements were measured. In a similar fashion to earlier coherent infrared 
and Raman studies,
83
 these measurements gave a signal that decayed according to the 
frequency domain linewidth of the band probed, but with a higher degree of 
selectivity afforded by a 2DIR technique. Unlike photon echo 2DIR, bands broader 
than the width of the infrared pulses gave no free decay signal outside of the pulse 
overlaps, no matter what the broadening mechanism.  
 
When the linewidth of the resonances of interest were less than the infrared laser 
bandwidths, it was found that a coherence lifetime measurement could be used to 
measure the vibrational linewidth. In this manner, the linewidth of the polyethylene 
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scissor mode was measured from a broad set of overlapping modes to be ~2.5 cm
-1
. 
Scissor modes in short chain aliphatic solvents were found to be broader, consistent 
with the more dynamic nature of the liquid state. Observations of quantum beating 
between scissor mode cross peaks from L-arginine crystals allowed their relative 
splittings to be deduced. Coherence lifetime measurements on toluene and 
cyclooctane yielded more complicated nonexponential behaviour, indicating that 
although the widths were less than the excitation pulsewidth, the bands probed were 
inhomogeneously broadened.  
 
In the spectral regions studied for this thesis, EVV 2DIR spectra were shown to 
comprise cross peaks involving a fundamental mode and its combination band.  
The linewidth measurements reported were all from the fundamental mode 
contribution (T12 measurements), as the lifetimes of the fundamental/combination 
band coherences were largely too short to measure accurately through T23 
measurements. In many cases T23 delays were still found to ‘clean up’ the 2DIR 
spectra and in the case of ortho-xylene, cross peaks were observed to decay at 
different rates with varying T23 delay. Very little evidence of cross peaks from two 
fundamentals has been gathered so far, the only candidate being a weak feature 
observed at the symmetric stretch frequency of glycine. No calculational basis has yet 
been established for assessing the relative transition strengths of fundamental + 
fundamental and fundamental + combination band EVV 2DIR signals, but the 
experimental evidence to date indicates that the former are much weaker than the 
latter. 
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The ab initio EVV 2DIR spectrum modelling of Guo presented in Chapters 6 and 7 
demonstrated that the cross peak frequencies and intensities of EVV 2DIR could be 
modelled with sufficient accuracy to make useful predictions about amino acid 
residue cross peaks for protein fingerprinting. Although the lineshape modelling 
reported in this thesis described many of the features observed by experiment, the tilt 
predicted by the models in the free decay regimes was seldom observed in 
experimental 2DIR spectra. Furthermore, the experimental peaks were found to be 
blue shifted along ωα relative to the frequencies measured from infrared absorption 
spectroscopy. Chapter 5 concluded that phase matching effects might be causing the 
blue shift, however the modelling presented predicted a type of cross peak splitting 
that was not usually observed experimentally. The cross peak tilt and blue shift 
remain as the only unexplained features of the EVV 2DIR experiment, but might be 
solved by reconsidering the slowly varying envelope approximation used to derive the 
phase matching equations in Chapter 2. 
 
Chapter 8 considered the possibility of performing structure and dynamics studies 
using EVV 2DIR. The sensitivity of combination bands to molecular geometry was 
highlighted, along EVV 2DIR’s unique ability to simplify combination band analysis. 
The floppy molecule cyclooctane was investigated for signs of conformation changes 
during the T12 delay time. The results of this investigation were unclear, however the 
unique 2DIR spectra and temporal behaviour observed were interesting in their own 
right.  
 
Many of the motivations behind developing and exploring EVV 2DIR spectroscopy 
lay in bioanalytical applications such as protein identification and detection of protein 
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post translational modifications. In Chapter 9, the performances of standard 
spectroscopic techniques were assessed in terms of biomolecule detection limits and 
information content, providing a useful set of ‘benchmarks’ to compare EVV 2DIR 
spectroscopy to as it develops. The first EVV 2DIR results of protein films were 
presented and using theoretical models by Guo it was shown that the signals observed 
originated from combination bands of amide modes with peptide backbone and 
residue CH stretch bands. It was found that the centre of the amide I band was absent 
from the EVV 2DIR spectra, with a large signal instead occurring in the amide I band 
wings. Backed up by data from gelatine and nylon, phase matching models indicated 
that the strong dispersion/absorption of the amide I band heavily attenuated the EVV 
2DIR signal. 
 
Through use of the EVV 2DIR experiment described in this thesis, Fournier and 
Gardner identified cross peaks in peptides and proteins that reported on the presence 
of phenylalanine, tryptophan and tyrosine. Using the strong CH2 and CH3 signals as 
an internal standard, they showed that it was possible to quantify the levels of these 
residues in both proteins and peptides. A bioinformatics tool for identifying proteins 
using such data was developed by the Imperial College London Bioinformatics 
Service,
219
 and current research is focussed on using EVV 2DIR spectroscopy to 
identify proteins.  
 
It is hoped that by widening the spectral regions scanned using a new experiment 
described in Chapter 10, further EVV 2DIR features relating to protein composition 
can be found from other amino acid residues such as histidine, cysteine and 
methionine. The broader bands reported in this thesis from carboxylate and guanidyl 
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motions in glycine and arginine might in future be isolated in protein EVV 2DIR 
spectra using the femtosecond methods proposed in Chapter 10. It was shown in this 
thesis that methylene EVV 2DIR features vary with molecular structure and methods 
of extracting compositional information from the aliphatic components of a protein 
2DIR spectrum may yet be devised. Cross peaks were observed by Fournier that 
reported on alanine/isoleucine and leucine content and it is known that for residues 
such as asparagine and glutamine, the CH2 scissor mode frequencies are dependent on 
protonation state.
141
 An interesting future project would be to investigate this using 
EVV 2DIR.  
 
The key phosphate bands of post translationally modified proteins have so far eluded 
detection by EVV 2DIR, however most of these bands occur outside of the mid-
infrared scan range of the OPAs used in the experiments of this thesis. Future 
experiments with OPA outputs tuned further into the infrared will investigate the 
possibility of detecting protein phosphate groups. It is noted that due to spectral 
congestion, phosphate signals are not detectable from protein Raman spectra.
176
 
 
Performing useful analysis on protein identity and post translational modification will 
require the lowest possible detection limits. The current EVV 2DIR limit of detection 
of a phenylalanine cross peak in BSA was found by Loeffeld to be 10
11
-10
12
 
molecules for 1 second signal averaging. Several methods for improving this limit 
were described in Chapter 10. A new experiment under construction incorporating 
higher infrared pulse energies and tighter infrared focussing was outlined. A novel 
shaped femtosecond pulse sequence was presented for increasing signal to non 
resonant background levels, also providing access to broader features and allowing 
Chapter 11. Conclusions                                                                                                       
   
 
 331 
multiplex detection. It was further described how recent developments in infrared 
plasmon resonance engineering might boost the EVV 2DIR signal.  
 
To conclude, new techniques in measurement science are much rarer than new 
measurements. This thesis has presented major developments in the new measurement 
technique EVV 2DIR. With the workings and operational protocols of this method 
now largely understood, EVV 2DIR is now being used to make new measurements. 
With the developments suggested in this thesis, EVV 2DIR promises to be a useful 
and widely applicable methodology in measurement science.  
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12-2 Appendix 1. Methods for modelocking oscillators 
This Appendix discusses the types of modelocking eluded to in Section 4-3 of Chapter 
4. There are three classes of mode locking methods; active, passive and 
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synchronous.
89,100,101
 Active mode locking modulates the cavity losses via 
electronically controlled intra-cavity devices such as acousto-optic modulators 
(resulting in amplitude modulation) or electro-optic modulators (resulting in phase 
modulation). Typical laser cavities have round trip times of nanoseconds, therefore 
requiring the modulators to operate at hundreds of MHz. Because cavity lengths tend 
to be dynamic, best performance is achieved when the round trip time is measured 
during operation and used as feedback to control the frequency of the drive 
electronics, a process known as regenerative mode locking.
100
  
 
Because active mode locking places no requirements on the properties of the gain 
medium, it can be used on a wide range of laser types. Performance is limited by the 
shape of the electric modulation function, which for such high frequencies tends to be 
sinusoid and therefore cannot provide compression for pulse widths below 10-100 
ps.
100
 To reach shorter pulses, passive or synchronous mode locking must be used. 
 
Synchronous mode locking is achieved when the pump pulses are in exact 
synchronisation with the laser pulse round trip time. This amounts to a periodic 
modulation of the gain. The pump laser is usually an actively mode locked laser, 
therefore emitting pulses hundreds of picoseconds in duration. Pulse compression can 
occur if it is arranged for the evolving laser pulse to rapidly deplete the gain medium. 
In dye lasers this can easily occur on a timescale shorter than the pump pulse, 
amounting to only a brief amplification phase. In other words, synchronously pumped 
lasers provide a fast gain shutter.
89
 An interesting variation of this is the travelling 
wave laser, whereby the gain across a dye cell is modulated spatially instead of 
temporally.
102
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Passive mode locking uses materials that respond in some way to light only above a 
certain intensity. In other words, the losses are modulated through a material 
nonlinear response. For many decades, lasers were mode locked using saturable 
absorbers. These were essentially dye cuvettes or jets placed in the cavity with a dye 
of type, concentration and thickness designed to absorb the laser light of a CW laser 
operating above threshold. A seemingly counterproductive measure, the dye solution 
is prepared in such a way that it can be bleached by intense pulses, therefore acting 
like a shutter. Only noise spikes are amplified and after a number of round trips, the 
saturable absorber will be periodically passing the largest spike. The resulting 
modulation of losses imparts sidebands to any mode which is passed, the consequence 
being that the modes that experience gain and become phase locked. 
 
Saturable absorber responses are fast (a few femtoseconds) but recovery times 
generally slow (> picoseconds).
89
 This means that when the pulse has shortened to the 
point where the pulse is similar in duration to the absorber response, compression 
stops and a trailing edge develops on the pulse.  Shorter pulses are generated through 
a number of mechanisms, the simplest being to ensure that during pulse transit the 
gain medium is rapidly depleted, suppressing the trailing edge of the pulse caused by 
the slow absorber response and therefore providing compression of the pulse. A 
mention previously, this use of saturable gain is particularly suited to dye lasers 
because dyes have large stimulated emission cross sections and low energy storage.  
 
Placing the saturable absorber on a cavity mirror results in further compression and 
increased stability because it causes a superposition of the forward and backward 
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propagating parts of the pulse in the absorber, therefore producing a stronger response 
of the absorber to a pulse.
89,100
 The most effective manner in which to use this effect is 
instead to arrange for counter propagating pulses to overlap in the saturable absorber 
by means of a ring resonator. Such colliding pulse mode locked lasers were until 
recently the most common way to obtain femtosecond pulses for ultrafast 
spectroscopy and were utilised for many years by spectroscopy research groups,
245
 
many of whom collectively began the 2DIR research effort.   
 
Achieving femtosecond pulses with mode locked solid state lasers using gain 
depletion mechanisms and dye saturable absorbers is hampered by the low gain cross 
sections and long lifetimes of such gain media, quantities both differing by 10
3
 
compared with dye lasers.
101
 On the plus side, these factors generally allow for pulses 
of very high intensity to build up in the cavity, with solid state oscillator pulse 
energies for nanosecond mode locked systems measurable in mJ quantities as opposed 
to the nJ energies of dye laser pulses.  
 
A low gain cross section means that the intra cavity pulse intensities required to 
deplete the gain medium by stimulated emission are high and typically cannot be 
reached in a solid state laser, preventing pulse compression via gain saturation 
mechanisms. The long upper state lifetimes means that the population inversion 
increases over time with CW pumping, also preventing gain depletion. At start-up the 
low gain cross section media can’t immediately generate spikes to saturate a dye 
absorber, instead a type of unstable Q switch operation occurs where the population 
inversion builds up until the gain is high enough to permit oscillation even with the 
losses of the saturable absorber. At this point the cavity suddenly generates very high 
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intensities, saturating the absorption of the dye and giving out a train of mode locked 
pulses which cease on depletion of the gain medium.
89,100
  
 
The development of new types of saturable absorbers known as a semiconductor 
saturable absorber mirrors (SESAMS) allows short pulse operation of solid state 
lasers with saturable absorbers. These materials saturate at low intensity and have 
responses that can be engineered down to the femtosecond level.
101,246
 There is 
however a much simpler way to mode lock a solid state laser, with compression down 
to femtosecond pulses. This was discovered in Titanium doped sapphire lasers and is 
known as Kerr lens mode locking. 
 
Ti:Sapphire has the largest accessible gain bandwidth of any solid state laser 
material,
88
 stretching from 700-1100 nm. This bandwidth provides useful tunability 
and potential for very short pulses. Other favourable properties include toughness, 
good thermal conductivity and low upper state lifetime.
247
 A relative newcomer to the 
field, Ti:Sapphire was not mentioned even once in two of the influential sources on 
ultrashort pulse generation written in the late 1980s that are frequently referenced in 
this section.
89,102
 
 
Early research into Titanium doped Sapphire (Ti:Sapphire) demonstrated that lasers 
containing this gain medium when used with a dye saturable absorber could give 
pulse widths far shorter than the dye response time, despite the impossibility of 
compression from gain depletion.
248
 Femtosecond mode locked operation with no 
saturable absorber or other mode locking devices present at all was also reported.
249
 
These effects were later identified as Kerr lens mode locking,
250
 currently the simplest 
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and most practical route to the shortest mode locked pulses from solid state gain 
media. 
 
The AC optical Kerr effect is the dependence of the refractive index of a material on 
the intensity of light. In an isotropic material the lowest order at which the effect 
occurs is n=3. Consider the (ω−ω+ω) component:  
tEEP ωχχε ωω cos][
2)3()1(
0 +=  
         Equation 12-1 
 
Using the relation between susceptibility and refractive index (Equation 2-17) gives: 
2
ker )3()1( Innn r χχ
+=    
       
      Equation 12-2 
 
For an intense laser pulse travelling through a medium exhibiting the Kerr effect, self 
focussing will occur because the refractive index varies spatially across the pulse, 
reaching a peak at the pulse centre. Thus the pulse generates its own waveguide, with 
the wings of the pulse being guided towards regions of higher refractive index. 
Because this generates a more intense pulse, the result is a stronger Kerr effect and the 
waveguide gets tighter and tighter. This is self focussing.  
 
Figure 12-1 shows the layout of the first Kerr lens mode locked laser, reproduced 
directly from the work of Sibbett and co-workers.
249
 What is most interesting about 
Figure 12-1 is that this is an extremely simple laser cavity design, most likely to have 
been used by many other research groups at the time. The mode locking was observed 
when one of the cavity end mirrors (M3 or M0) in the Figure were misaligned.
249
 This 
destabilised the CW operation and by chance, a pulse intense enough to make a Kerr 
lens through the rod produced a more stable cavity with higher gain, thus amplifying 
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only short pulses and producing a mode locked pulse train. A cavity destabilised in 
this manner will not give very good performance, so once Kerr lens mode locking was 
understood, better methods were developed involving only displacement of the 
focussing into the sapphire rod
88
 (equivalent to move M1 or M2 in Figure 12-1) or 
inserting an aperture in the cavity that is most efficiently traversed by a self focussed 
pulse.
101
  
 
Figure 12-1 Cavity layout of Kerr lens mode locked Ti:Sapphire laser reproduced from 
reference the first paper reporting Ti:Sapphire self modelocking.
249
  
 
The Kerr effect is believed to be almost instantaneous,
100
 meaning that the pulse 
compression can in principle continue all the way down to the limit imposed by the 
wide gain bandwidth that Ti:Sapphire supports. What prevents this taking place is 
group velocity dispersion (GVD). The refractive index of materials used in the cavity 
varies enough across the broad frequency envelope of a femtosecond pulse to produce 
delays between the red end and the blue end of the pulse (chirp). This effect is 
especially strong in the sapphire rod. If no steps are taken to remedy this, significant 
pulse chirp occurs, limiting the pulse width to picoseconds. A number of steps are 
taken to compensate the intracavity GVD, the most common is to use an adjustable 
pair of prisms, as in Figure 12-1. With careful design, the shortest pulses achievable 
from a mode locked Ti:Sapphire oscillator are ~ 4-5 fs in duration.
88
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12-3 Appendix 2. Nonlinear optical material properties 
 
 
Table 12-1 List of common nonlinear optical materials for frequency conversion along with their 
transparencies, nonlinear optical coefficients, damage threshold and pulse width used to measure the 
damage threshold. This table has been reproduced from ‘Topics in Applied Physics: Solid State Mid-
Infrared Laser Sources’.
109
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12-4 Appendix 3. Donaldson et al. Journal of Chemical Physics 127, 
114513, 2007 
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12-5 Appendix 4. Optical heterodyne detection in the shot noise limit 
The literature surrounding EVV 2DIR occasionally mentions the possibility of 
optically  heterodyning the output signals to increase the sensitivity of the technique.
1
 
This Appendix presents a noise analysis of optical heterodyning and demonstrates that 
there are no sensitivity gains for heterodyning in the shot noise limited detection 
regime
251
 typical for EVV 2DIR experiments. Other possible advantages of 
heterodyne detection in the shot noise limit are discussed. 
 
If a weak signal field of interest is mixed with a strong reference field known as a  
Local Oscillator (LO), the total signal seen as an intensity by a square law detector is:  
)]([
2
1 **22
0 signalLOsignalLOsignalLO EEEEEEcI +++= ε          
           
         Equation 12-3 
 
The ELOEsignal cross terms are the heterodyne components of the detected intensity. 
The weak signal is thus ‘boosted’ by the local oscillator. The pure local oscillator term 
is distinguished from the heterodyne terms by modulating the weak signal and 
detecting changes in the detected intensity at the modulation frequency. For 
heterodyning to work in practice, one must have a constant phase relationship of 
λ/100 or better between the signal and local oscillator over the signal averaging 
duration.
1 
  
 
Consider an LO+signal pulse arriving at a detector. For a Photomultiplier, the 
intensity at the photocathode is converted into a number of photoelectrons N: 
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II
h
tA
N κ
ν
η
=
∆
=                      
      Equation 12-4 
 
Here, κ is a constant incorporating cross sectional are of beam A, the detector 
quantum efficiency η, pulse width ∆t, Planck’s constant and ν the frequency of the 
signal field. What limits the size of local oscillator that can be used is its shot noise 
(relative to the heterodyne term) and the laser power fluctuations of the local 
oscillator:  
IN shot κ=       INlaser κσ=                   
         Equation 12-5 
     
With an additional level of dark noise Ndark and duty cycle D of the modulation 
method for heterodyne detection, the signal to noise of the heterodyne term is:  
222
0
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         Equation 12-6                  
     
Expressed purely in terms of intensity the signal to noise is: 
222 )()(2 darksignalsignalLOLOsignalLOsignalLO
signalLO
NIIIIII
DII
N
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         Equation 12-7  
 
Assuming zero noise on the local oscillator and zero dark noise (in other words, a shot 
noise limited signal), for a local oscillator larger than the signal, the heterodyne signal 
to noise simplifies to: 
signal
LO
signalLO
Het
signalLO I
I
II
N
S
II κ
κ
κ
==→>>   
         Equation 12-8 
  
The weak signal in the shot noise limit with no heterodyning has the following S/N:  
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signal
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S
κ
κ
= = signalIκ   
         Equation 12-9 
    
Although the heterodyne effect boosts the weak signal, what really matters is the 
signal to noise. The signal to noise of the heterodyne term is at best the same as that of 
the weak signal term when the signal is shot noise limited. Given that to detect the 
heterodyne field, a discrimination system such as a chopper must be used, the duty 
cycle of the heterodyne signal will be at least halved. For EVV 2DIR, the signal goes 
as the concentration of analyte squared. The signal to noise is thus a linear function of 
concentration. When heterodyning, the signal is linear in concentration, as is the shot 
noise limited signal to noise.  
 
Heterodyne detection signal to noise figures are substantially better than those for 
direct detection when there is a large detector background noise. In this manner, 2DIR 
photon echo greatly benefits from heterodyne detection, as the necessary infrared 
detectors have large thermal background noise levels. Heterodyne detection using 
optical pulses shorter than the signal of interest also allows the signal’s field to be 
directly mapped and the real and imaginary components to be resolved. Such 
measurements can be used to distinguish the non resonant background (real) and a 
CARS signal (imaginary).
252
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12-6 Appendix 5. Simulations comparing EVV 2DIR and VV 2DIR 
 
 
Figure 12-2 Shown here depictions of the types of cross peaks observable from a system of 
fundamental modes a and b, their overtones and their combination bands for the case of EVV 2DIR 
and VV 2DIR spectroscopy. 
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